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1.0  INTRODUCTION 


This  report  presents  a  method  for  the  evaluation  of  potential  damage  to  unconventional 
structures  by  sonic  booms.  There  is  a  substantial  body  of  data  and  information  available  on 
sonic  boom  damage  to  conventional  structures  such  as  windows,  plaster,  etc.  (e.g.,  hershey 
and  Higgins,  1976,  Haber  and  Nakaki,  1989),  but  very  little  comparable  information  is 
available  on  the  potential  damage  to  unconventional  structures  such  as  historical  buildings  of 
various  types  using  both  conventional  and  unconventional  architecture.  These  involve  colonial 
structures  in  the  eastern  part  of  the  U.S.,  early  American  stone  or  adobe  buildings,  prehistoric 
archaeological  monuments,  especially  in  the  western  part  of  the  U.S.  (some  dating  back  over 
900  years),  water  wells  or  water  tanks,  other  atypical  structures  such  as  large  radio  antennas, 
and  areas  subject  to  landslides  or  snow  avalanches.  This  report  is  intended  to  provide  a 
method  for  prediction  of  potential  damage  from  sonic  boom  to  such  structures  on  a  generic 
basis  for  potential  use  in  site-specific  environmental  impact  evaluations  relating  to  supersonic 
training  areas. 

The  report  is  also  designed  to  provide  the  definition  of  the  input  data  and  algorithms 
required  to  carry  out  this  damage  assessment  with  the  use  of  a  new  computer  program  called 
ASAN  (Assessment  System  for  Aircraft  Noise)  under  development  for  the  Noise  and  Sonic 
Boom  Impact  Technology  (NSBIT)  program  (Haber  and  Nakaki,  1989). 

The  Environmental  Impact  Assessment  process  carried  out  for  proposed  supersonic 
training  operations  must  include  consideration  of  damage  potential  for  unconventional 
structures  in  order  to  respond  to  the  public  about  their  oft-expressed  concerns  regarding  such 
potential  damage.  Up  to  now,  very  few  data  have  been  available  which  could  be  used  to 
objectively  demonstrate  the  degree  of  damage,  if  any,  that  may  occur  to  such  unconventional 
structures  (Battis,  1983). 

Thus,  the  primary  purpose  of  this  report  is  to  fill  this  need  for  the  U.S.  Air  Force 
(USAF)  to  support  the  environmental  assessment  process  for  supersonic  training  areas.  A 
secondary  purpose  is  to  support  the  USAF  in  the  evaluation  of  claims  for  any  damage  that 
may,  or  is  purported  to  have,  occurred  for  unconventional  structures  exposed  to  sonic  boom. 

This  report  includes  the  following. 

*  Review  of  types  of  unconventional  structures,  critical  material  properties  needed  to 
assess  potential  damage  to  such  structures  from  sonic  boom,  and  a  brief  review  of 
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applicable  field  inspection  techniques  for  assessing  damage  on  the  basis  of  changes 
between  the  pre-  and  post-exposure  conditions  of  the  unconventional  structure 
(Section  2). 

•  Definition  of  a  statistical  model  for  sonic  boom  exposure  in  supersonic  flight  training 
areas  (Section  3). 

•  Development  of  analytical  models  for  predicting  potential  damage  to  unconventional 
structures  from  such  exposure  (Section  4). 

•  Results  of  a  series  of  measurements  of  the  structural  response  of  unconventional 
structures  during  or  after  exposure  to  sonic  booms  (Section  5). 

•  Summary  of  a  generic  damage  prediction  model  to  assist  environmental  planners  in 
preparation  of  environmental  impact  assessments  or  environmental  impact  statements 
about  potential  damage  to  unconventional  structures  (Section  6). 

•  A  series  of  supporting  appendixes,  including: 

Appendix  A  -  Bibliography  on  Sonic  Boom,  Structural  Response  and  Damage 
Appendix  B  -  Materials  Property  Data  on  a  Wide  Range  of  Building  Materials 

Appendix  C  -  Analytical  Background 

C.  1  Relationship  Between  Various  Spectral  Measures  of  Sonic 
Booms 

C.2  Multimodal  Response  of  Simply  Supported  Panel  to  Normally 
Incident  Sonic  Boom 

Appendix  D  -  Photographs  of  Wall  Cracks  Before  and  After  2  Months  of  Sonic 
Boom  Exposure 

Appendix  E  -  Time  Histories  of  Sonic  Boom  Pressures  and  Structural  Responses 
for  Structures  A  and  B 

Appendix  F  -  Summary  Tables  of  Weather  Data  During  the  Test  Period 
A  list  of  abbreviations  and  symbols  used  in  the  report  follows. 
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List  of  Abbreviations  and  Symbols 


ABBREVIATION  DEFINITION 


ACM 

Air  Combat  Maneuver  (Training) 

ASAN 

Assessment  System  for  Aircraft  Noise 

BLM 

Bureau  of  Land  Management 

CSEL 

C- Weighted  Sound  Exposure  Level 

CSEL0 

Long  Tune  Average  Value  of  CSEL 

DAF 

Dynamic  Amplification  Factor 

DNCL 

Average  Day-Night  C- Weighted  Sound  Level 

EIS 

Environmental  Impact  Statement 

MOA 

Military  Operating  Area 

NASA 

National  Aeronautics  and  Space  Administration 

NDT 

Non-Destructive  Testing 

NSBIT 

Noise  and  Sonic  Boom  Technology 

POD 

Probability  of  Damage 

SDOF 

Single  Degree  of  Freedom  System 

SOA 

Supersonic  Operating  Area 

WSMR 

White  Sands  Missile  Range 

SYMBOL  DEFINITION 


A 

A' 

CD 

Cl 

Cm 

cs 

D 

DAF(f) 

DR(f) 

E 

H(f) 

Fs 

G 

H 

I 


Area  of  structural  panel  or  cross-sectional  area  of  beam,  in2 

Cross-sectional  area  of  unit  width  strip  of  plate,  in2 

Speed  of  dilitational  (compressional)  waves  in  ground,  ft/sec 

Longitudinal  speed  of  sound  in  structural  material,  in/sec 

Constant  in  Eq.  (4- 10b)  for  resonance  frequency  of  wall,with  units  Hz  •  inches 

Speed  of  shear  waves  in  earth  material,  in/sec 

Ratio,  Pe/Pf  of  effective  to  true  free  field  peak  sonic  boom  pressure 

Dynamic  amplification  factor  at  frequency  f,  dimensionless 

Residual  Pressure  Shock  Spectrum  at  frequency  f,  psf 

Modulus  of  Elasticity  of  structural  material,  psi 

Energy  Spectral  Density  of  Sonic  Boom  =  IP(f)l2,  (psf  •  sec)2 

Factor  of  safety  =  CTs/Opk 

Shear  Modulus  of  earth  material,  psi 

Effective  altitude  of  aircraft  in  Eq.  (3-1 1),  ft 

Area  moment  of  inertia  of  cross  section  of  uniform  beam,  in4 
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SYMBOL 

I1 

K 

Ka 

Kb 

KS 

L 

Lcdn 

Lce 

LE(f) 

Lve(0 

Lpk 

M 

M 

Mmn 

N 

P 

Pe 

Pf 

P(f) 

P*(f> 

P(t) 

Po 

Ppk 

P(x) 

POD 

POD„ 

Q 

Sb 

SE 

SE(f) 

T 


DEFINmON 

Area  moment  of  inertia  of  cross  section  of  unit  strip  of  uniform  plate,  in4 

Constant  in  Eq.  (4-11)  relating  stress  in  plate  to  static  pressure  load, 
dimensionless 

Atmospheric-dependent  parameter  in  Equation  (3-11)  for  nominal  sonic  boom 
peak  pressure,  psf 

Constant  in  Eq.  (4-12)  and  (4-13)  for  stress  vs  static  load  on  built-up  panel, 
dimensionless 

Shape/vibration  mode  factor  in  Eq.  (4-7)  relating  peak  velocity,  Vp*  to  peak 
strain,  e  pic,  dimensionless 

Length  of  aircraft  in  Eq.  (3- 1 1 ),  ft 

Average  day-night  C-weighted  sound  level,  dB  re:  20|iPa 

C-weighted  sound  exposure  level,  dB  re:  (20pPa)2  •  sec 

Sound  exposure  spectrum  level  of  sonic  boom,  dB  re:(20^Pa)2  •  sec/Hz 

Velocity  exposure  spectrum  level,  dB  re:(l  in/sec)2  •  sec/Hz 

Peak  flat  (unweighted)  sound  level,  dB  re:  20pPa 

Mach  number,  Eq.  (3-11). 

Bending  moment  for  lateral  load  on  wall,  in  •  lb 

Generalized  mass  for  plate  in  mnth  mode 

Number  of  ACM  sorties  per  month  in  a  given  SOA 

Static  pressure  load  on  structure,  psi  or  psf 

Effective  peak  sonic  boom  pressure,  psf 

Actual  free  field  peak  sonic  boom  pressure,  psf 

Fourier  spectra  of  sonic  boom  pressure  time  history,  psf  •  sec 

Complex  conjugate  of  P(f) 

Pressure  as  a  function  of  time,  psf 

Nominal  (long  time  average)  peak  free  field  sonic  boom  pressure,  psf 
Peak  pressure  of  sonic  boom  or  any  other  transient  pressure,  psf 
Probability  density  function  of  x  where  x  =  as,  apk,  Pe.  etc. 

Probability  of  Damage  for  one  sonic  boom 
Probability  of  Damage  for  n  booms  per  day  at  a  given  site 
Dynamic  magnification  factor  (Table  4-2) 

Non-dimensional  non-linear  bending  stress  response  of  windows  to  static 
pressure  loads  (see  Table  4-4) 

Sound  exposure,  (psf)2  •  sec 

Sound  exposure  spectral  density  of  sonic  boom  =  2  E(f),  (psf  •  sec)2 
Duration  of  ideal  N-wave  sonic  boom  time  history,  sec 
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SYMBOL  DEFINITION 


Vpk 

V(f) 

V  mn(0 

VR(f) 

Vi(t) 

w 

X 

X’ 

Xmin 

Xmax 

Xrmax.min 

Xpk 

Xs 

Y 

Y' 

<Y’> 

Y’L 

Y'm 

z 

a 

a 

apk 

b 

b 

c 

c’ 

d 

e 

erfc(z) 

f 

fc 

fmax 

fo 


Peak  velocity  response  of  structure  to  sonic  boom,  in/sec 

Fourier  spectra  of  velocity  response  to  sonic  boom,  units  of  (in/sec)  •  sec 

Velocity  response  of  plate  in  mnth  mode  at  time  t,  in/sec 

Residual  velocity  shock  response  spectra  at  frequency  f  (same  as  Vpk),  in/sec 

Total  multimodal  velocity  response  of  plate  at  time  t,  in/sec 

Weight  of  structural  panel,  lb 

Distance  from  center  of  ellipse  along  minor  axis,  miles 

X/(a/b) 

Minimum  (negative)  deflection  response  to  transient  excitation  during  time 
excitation  is  present,  in. 

Maximum  (positive)  deflection  response  to  transient  excitation  during  time 
excitation  is  present,  in. 

Maximum  and  minimum  deflection  response  to  transient  excitation  after 
excitation  ceases,  in. 

Peak  deflection  response  of  structure  to  sonic  boom,  in. 

Deflection  response  of  structure  to  static  pressure  with  same  magnitude  as  peak 
pressure  of  sonic  boom,  in. 

Distance  from  center  of  ellipse  along  major  axis,  miles 
Quantity  having  a  log  normal  distribution 
Energy  mean  value  of  Y’ 

Log  mean  value  of  Y’ 

Arithmetic  mean  value  of  Y’ 

Dimensionless  distance,  [(X/ctx)2  +  (Y/ay)2] 1/2 

1/2  length  of  minor  axis  of  SOA  maneuvering  ellipse,  miles 

Length  of  short  side  of  panel,  in. 

Peak  acceleration  response  of  structure  to  sonic  boom,  g's 
1/2  length  of  major  axis  of  SOA  maneuvering  ellipse,  miles 
Length  of  long  side  of  panel,  in. 

Speed  of  sound  in  air  =  1117  ft/s 

Distance  between  neutral  and  outer-most  fiber  of  beam,  in. 

Diameter  of  radio  antenna,  ft 
a/b,  eccentricity  parameter  for  ellipse 
Complementary  error  function  of  z 
Frequency,  Hz 

Characteristic  frequency,  in  Hz,  for  acoustic  loading  of  radio  antenna 

Frequency  (=  V3/tiT)  at  peak  of  envelope  of  Residual  Velocity  Shock  Response 
Spectrum,  VR(f),  Hz 

Fundamental  resonance  frequency  of  structure,  Hz 
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SYMBOL  DEFINITION 

g  Acceleration  of  gravity,  386  in2/sec 

gmn(X,Y)  Mode  shape  of  plate  at  coordinates  X,Y 
h  Thickness  of  plate,  in. 

j  VH 

k  Spring  constant  for  SDOF  model  of  structure,  lb/in 

ks  Shape  factor  in  Eq.  (3-11)  for  sonic  boom  peak  pressure,  dimensionless 

Po  Reference  pressure  =  20(iPa 

q  Non-dimensional  pressure  load  in  expression  for  non-linear  response  of 
windows  to  static  load  (Table  4-4) 

m,n  Mode  numbers  for  bending  vibration  of  plate  with  sides  a,b 
n  Number  of  sonic  booms  per  day  at  a  given  position,  X,Y 
r  Elliptical  radius,  [(X')'  +  (Y)~]  ,  miles 

t  Thickness  of  inner  or  outer  surface  of  built-up  panel,  in. 

to  Reference  time  =  1  sec 

w  Surface  density  of  panel,  psi  or  psf 

w '  Width  of  stud  in  built-up  wall,  in.  (Eq.  4-13  &  4-15) 
x  Log,  to  the  base  10,  of  the  factor  of  safety,  Fs 
x  Mean  value  of  x 

z  x/V 2  ol,  the  argument  in  erfc(z) 

Af  Reference  bandwidth  =  1  Hz 
£mn(0  Generalized  displacement  of  plate  at  time  t,  in. 

£pk  Peak  strain,  dimensionless 

to  Angular  resonance  frequency  of  plate  at  mnth  mode,  radians/sec 

(i  Poisson's  ratio 

p  Mass  density  of  material,  lb  sec2/in4  (or  kg/m3) 

ol(x)  Standard  deviation  of  logio  of  x  where  x  =  os,Pe,Fs,etc. 

Opk  Peak  dynamic  stress,  psi 

as  Stress  response  to  static  pressure  which  has  same  magnitude  as  peak  pressure 
of  sonic  boom,  psi  (also  equal  to  damage  threshold  stress) 

ax  Standard  deviation  of  DNCL  pattern  along  minor  axis  of  ellipse 

oy  Standard  deviation  of  DNCL  pattern  along  major  axis  of  ellipse 

ox’  Standard  deviation  of  pattern  for  n  along  minor  axis  of  ellipse 

cTy'  Standard  deviation  of  pattern  for  n  along  major  axis  of  ellipse 

9  Angle,  projected  onto  ground,  between  normal  to  vertical  wall  surface  and  flight 

track  of  supersonic  aircraft,  degrees 
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2.0  UNCONVENTIONAL  STRUCTURES 


The  initial  task  in  this  study  was  to  establish  a  reasonable  list  of  unconventional 
structures  to  be  considered  throughout  the  remainder  of  the  program.  Since  the  purpose  of  this 
study  is  to  provide  generic  guidelines,  it  would  be  desirable  that  this  list  include  as  wide  a 
range  as  practical  of  unconventional  types  of  structures  that  may  be  encountered  in  supersonic 
training  areas.  Furthermore,  in  order  that  potential  damage  to  these  structures  from  sonic  boom 
can  be  assessed,  a  logical  basis  for  assessing  the  probability  of  damage  to  these  structures  must 
be  established  in  terms  of  a  statistical  model.  Finally,  for  field  evaluation  of  the  possible 
occurrence  of  any  actual  sonic  boom  damage,  systematic  inspection  techniques  need  to  be 
examined  which  would  allow  comparison  of  pre-  and  post-sonic  boom  exposure.  This  section 
addresses  these  three  issues:  (1)  the  types  of  unconventional  structures  to  be  considered, 
(2)  the  statistical  basis  for  assessing  the  probability  of  damage  and  (3)  a  review  of  pre-  and 
post-exposure  field  inspection  techniques  to  assist  in  establishing  the  potential  occurrence  of 
damage  to  unconventional  structures. 

2.1  Selection  of  Unconventional  Structures 

Unconventional  structures  are  defined,  for  this  report,  as  all  types  of  structures  that  are 
not  normally  inhabited  or  used  for  routine  commerce  and  which  may  exist  under  a  supersonic 
operating  area  (SOA)  for  military  aircraft  Thus,  all  types  of  inhabited  dwellings  and  standard 
commercial  buildings  normally  found  under  such  areas  are  excluded. 

The  selection  of  the  types  of  unconventional  structures  to  be  considered  is  based  on  two 
considerations. 


•  The  relative  frequency  for  which  such  structures  are  identified  in  transcripts  of 
public  hearings  conducted  during  the  preparation  of  Environmental  Impact 
Statements  (EIS's)  for  several  SOAs. 

•  Logical  evaluation  of  the  types  and  locations  of  various  categories  of  structures 
in  areas  likely  to  lie  under  SOAs. 

The  first  source  of  information  is  summarized  in  Table  2-1. 

For  the  second  consideration  defined  above,  the  selection  process  started  with  an 
enumeration  of  all  the  locations  and  types  of  structures  which  would  logically  be  encountered 
near  supersonic  military  training  areas.  From  this  initial,  global  list,  a  reduced  catalogue  of 
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unique  types  of  structures  was  developed,  which  was  then  narrowed  to  a  list  of  individual 
types  of  construction  selected. 

This  list,  coupled  with  the  information  from  Table  2-1,  formed  the  basis  for  a  single 
generic  list  of  structures  to  be  considered.  The  final  list  was  not  restricted  to  those  types 
identified  in  Table  2-1  from  the  previous  EIS's  reviewed  since  these  represented  only  a  sample 
based  on  public  reaction  to  five  specific  military  programs  and  were  not  considered  sufficiently 
general  to  provide  a  completely  valid  selection  criteria  for  this  study. 


Table  2-1 


Relative  Frequency  of  Public  Comments  in  Draft  EIS’s 
About  Potential  Damage  to  Unconventional  Structures  from  Sonic  Boom 


MOA 

No.d) 

Structural  Type 

Description 

Rank 

Comments 

%(2) 

1, 3,4,5 

Archaeological  Sites 

1 

32.9 

1,2,5 

Adobe  House 

2 

17.9 

2,5 

Historic  Indian  Sites 

3 

14.3 

1 

Water  Storage  Tanks 

4 

9.3 

4 

Electrical  Power  Plant 

5 

8.5 

4 

Ground  Water 

6 

5.7 

4,5 

Open  Pit  Mine  Slopes/Rock  Slides 

7 

2.8 

1,5 

Water  Wells 

8 

2.4 

1,5 

Rock  Shelters/Caves 

9 

2.4 

4 

Settling  -  Level  Fields 

10 

2.9 

4 

Oil-Gas  Production 

11 

1.0 

5 

Sensitive  Manufacturing  Process 

12 

1.0 

Total 

100.0% 

Notes: 

(1)  l  =  Valentine  SOA,  2  =  Gandy  SOA,  3  =  Nellis  MOA,  4  =  Fallon  SOA, 
5  =  Reserve  SOA 

(2)  Percent  comments  weighted  by  total  number  of  comments  per  site  out  of  a  total  of 
115  public  comments  on  potential  damage  to  unconventional  structures  in  Final 
Environmental  Impact  Statements  for  five  different  Supersonic  Operating  Areas 
(SOAs). 


Table  2-2  provides  a  listing  of  anticipated  types  of  locations  and  types  of  buildings  in 
these  locations  which  may  fall  under  or  near  SOAs.  Also  listed  in  the  table  are  the  general 
types  of  construction  for  each  building  type. 

Table  2-3,  which  is  simply  Table  2-2  resorted  by  type  of  construction  with  location 
omitted  and  duplications  eliminated,  defines  the  unique  types  of  buildings  and  their 
construction.  The  acoustically-induced  response  of  the  various  types  of  buildings  listed  is  not 
expected  to  vary,  in  terms  of  basic  physical  characteristics,  for  the  same  type  of  building 
construction.  Based  on  this  rationale,  the  categories  in  Table  2-3  were  reduced  to  generic  types 
of  structure  to  be  considered,  and  combined  with  the  additional  types  of  structures  in  Table  2-1 
to  establish  a  final  list  shown  in  Table  2-4.  The  sequence  of  structures  listed  in  Table  2-4  was 
chosen  to  approximate  the  relative  frequency  of  public  comments  about  various  types  of 
structure  listed  by  Table  2-1. 

The  distinctions  in  Table  2-4  between  "masonry,  adobe"  or  "wood  frame"  construction 
have  been  made  anticipating  different  criteria  for  potential  damage  effects  and  potential  differ¬ 
ences  in  details  of  the  analytical  models  employed  to  predict  the  effects  of  acoustic  loading  from 
sonic  booms.  The  distinction  between  historic  buildings  with  or  without  an  intact  roof  reflects 
the  need  to  consider  the  difference  in  the  effective  pressure  loading  on  the  walls  for  these  two 
cases. 


Table  2-1  indicates  the  relative  frequency  for  which  public  comments  were  made  about 
potential  damage  from  sonic  booms  for  each  of  the  types  of  structures  listed.  Comparison  of 
Tables  2-1  and  2-4  indicates  that  the  latter  does,  in  fact,  cover  most  of  the  types  in  Table  2-1. 
The  possible  exceptions  are:  (1)  settling  in  open  fields,  (2)  open  pit  mine  slopes/rock  slides, 
(3)  electric  power  plants,  (4)  oil  and  gas  production  and  (5)  sensitive  manufacturing  processes. 
The  first  two  exceptions  should  be  covered  under  the  topic  of  earth  slides  included  in 
Table  2-4.  The  next  two  exceptions  are  not  explicitly  included  in  Table  2-4  but  should  be 
effectively  included  under  the  category  of  masonry,  adobe,  wood  or  metal  frame  buildings 
listed  in  the  table.  The  last  exception,  sensitive  manufacturing  processes  may  be  a  legitimate 
concern  relating  to  structured  response  from  sonic  boom,  but  is  not  considered  pertinent  to  this 
study  since  it  pertains  to  an  unsatisfactory  commercial  building  vibration  environment  and  not 
structural  damage.  However,  data  contained  in  this  report  may  be  useful  to  help  evaluate  this 
type  of  problem. 
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Table  2-2 

Location  and  Type  of  Buildings  Considered  as  Candidate  "Unconventional  Structures" 


Location 

Type  of  Building  or  Site 

Type  of  Construction 

BLM  Land 

Archaeological  Sites 

Natural  Stone 

BLM  Land 

Historic  Structures 

Wood  Frame,  Masonry,  Adobe 

BLM  Land 

Utility  Buildings 

Wood/Metal  Frame,  Masonry,  Adobe 

Cattle  Range  Land 

Water  Tanks 

Metal/Stone  Tank 

Cattle  Range  Land 

Wells 

Masonry  Wells 

Farmland 

Bams 

Wood  Frame 

Farmland 

Utility  Buildings 

Wood/Metal  Frame,  Concrete  Block 

Indian  Reservations 

Archaeological  Sites 

Natural  Stone 

Indian  Reservations 

Old  Dwellings 

Masonry,  Adobe 

Indian  Reservations 

Fragile  Geol.  Structures 

Natural  Stone 

Indian  Reservations 

Indian  Petroglyphs 

Natural  Stone 

Mountainous  Areas 

Avalanche  Areas 

Snow  on  Steep  Slopes 

Mountainous  Areas 

Earth  Slide  Areas 

Soil  on  Steep  Slopes 

National  Monuments 

Colonial  Structures 

Wood 

National  Monuments 

Colonial  Structures 

Stone,  Brick 

National  Monuments 

Indian  Petroglyphs 

Natural  Stone 

National  Monuments 

Natural  Geol.  Structures 

Natural  Stone 

National  Monuments 

Prehistoric  Structures 

Adobe,  Stone 

National  Parks 

Early  American  Bldgs 

Masonry,  Adobe 

National  Parks 

Historic  Colonial  Bldgs 

Wood  Frame,  Masonry,  Adobe 

Any  Area 

Radio  Telescopes 

Metal  Frame  Construction 
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Reduced  List  of  Candidate  Unconventional  Structures  from  Table  2-2  Sorted  According 

Type  of  Construction. 


Type  of  Structure 

Type  of  Construction 

Prehistoric  Structures 

Adobe,  Stone 

Wells 

Masonry 

Water  Tanks 

Metal/Stone 

Archaeological  Sites 

Natural  Stone 

Fragile  Geological  Structures 

Natural  Stone 

Indian  Petrogiyphs 

Natural  Stone 

Avalanche  Areas 

Snow  on  Steep  Slope 

Earth  Slide  Areas 

Soil  on  Steep  Slope 

Colonial  Dwellings 

Masonry,  Wood  Frame 

Early  American  Structures 

Masonry,  Adobe 

Bam,  Covered  Bridge 

Wood  Frame 

Utility  Buildings 

Wood/Metal  Frame/Concrete  Block 

Table  2-4 


Final  List  of  Unconventional  Structures  to  be  Considered  in  This  Study 


No. 

Type  of  Structure 

Type  of  Construction 

1 

Historic  Buildings  d) 

Masonry,  Stone 

2 

Historic  Buildings  0) 

Brick 

3 

Historic  Buildings  (!) 

Adobe 

4 

Historic  Buildings  U) 

Wood  Frame,  Plaster  Interior 

5 

Historic  Buildings  0) 

Wood  Frame,  Wood  Interior 

6 

Historic  Buildings 

Covered  Wood  Bridge 

7 

Prehistoric  Structures  ® 

Masonry,  Stone 

8 

Prehistoric  Structures  ® 

Adobe 

9 

Geological/Archaeological  Sites  G) 

Stone  Caves/Rock  Formations 

10 

Water  Tanks 

Metal/Stone  (above  ground) 

11 

Wells 

Masonry  (below  ground) 

12 

Slide  Areas  -  Avalanche 

Snow  on  Steep  Slope 

13 

Slide  Areas  -  Soil 

Soil  on  Steep  Slope 

14 

Utility  Buildings  of  All  Types 

Concrete  Block 

15 

Utility  Buildings  of  All  Types 

Wood  Frame 

16 

Utility  Buildings  of  All  Types 

Metal  Frame 

I  17 

Radio  Telescopes 

Metal  Frame 

(1)  More  than  50400  years  old  (roof  intact) 

(2)  Early  American  habitation/ceremonial  sites  (roof  missing) 

(3)  May  contain  petrogiyphs  or  other  Early  American  an 


It  should  be  emphasized  that  the  large  number  of  different  types  of  structure  listed  in 
Table  2-4  is  not  necessarily  consistent  with  the  amount  of  data  available  on  structural  strength 
of  the  various  materials  involved.  Nevertheless,  while  the  strength  data  on  materials  used  for 
some  of  these  unconventional  types  of  structure  are  limited,  they  are  believed  to  be  adequate  to 
allow  a  reasonable  assessments  of  potential  damage  to  be  made  for  purposes  of  this  report. 

2.2  Basis  For  Prediction  of  Damage  to  Unconventional  Structures  from 

Sonic  Booms 

Damage  to  an  unconventional  structure  from  sonic  booms  is  assumed  to  occur 
whenever  the  peak  stress  induced  by  the  sonic  boom  loading  exceeds  the  strength  (i.e.,  yield  or 
ultimate  stress)  of  the  particular  material  involved.  This  will  ordinarily  be  an  interior  wall  or 
ceiling  which  tend  to  have  the  greatest  response  to  sonic  booms  as  well  as  the  lowest  strength. 

Stress  response  of  materials  to  static  loads  varies  drastically  depending  upon  the  type  of 
material  (McClintock  and  Argon,  1966).  Figure  2-1  illustrates,  schematically,  the  stress-strain 
behavior  of  two  basic  types  of  building  construction  material  -  ductile  and  brittle  -  as  a  typical 
sample  of  each  type  is  increasingly  stressed.  Most  metals  and  woods  fall  in  the  category  of 
ductile  materials.  For  such  materials,  the  stress-strain  relationship  is  linear  up  to  the  yield 
stress,  at  which  point  the  strain  (i.e.,  elongation  or  deflection  per  unit  dimension)  begins  to 
increase  much  more  rapidly  with  an  increase  in  stress  until  failure  occurs  at  the  ultimate  stress. 
For  this  report,  damage  to  buildings  constructed  of  ductile  materials,  such  as  steel  or  wood 
frame/wall  utility  buildings,  will  be  assumed  to  occur  when  the  imposed  stress  reaches  the 
yield  stress. 

The  other  building  materials  such  as  masonry,  stone,  brick,  concrete,  plaster  and  adobe 
(or  non-structural  materials  such  as  soil  or  snow  embankments)  can  be  considered  as  brittle 
materials  in  which  case  damage  is  assumed  to  occur  when  the  imposed  stress  reaches  the 
ultimate  (failure)  stress. 

An  extensive  collection  of  physical  properties  of  a  wide  range  of  building  construction 
materials  is  provided  in  Appendix  A.  These  data  represent  a  collection  of  materials  properties 
data  from  over  50  references  that  was  compiled  for  an  extensive  manual  on  sonic  loads  for 
ground  facilities  (Sutherland,  1968a).  These  data  are  augmented,  for  this  report,  by  additional 
and  more  recent  information  on  strength  properties  of  glass  (utilized  as  a  model  for  brittle 
materials  in  terms  of  statistical  characteristics  of  the  strength  values),  adobe,  masonry  walls, 
and  non-structural  materials  (i.e.,  soils  and  snow). 
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Ultimate  Stress 


Yield  Stress 
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Strain  — > 


Ultimate  Stress 


2-1.  Conceptual  Illustration  of  Difference  in  Stress-Strain  Characteristics  of 
(a)  Ductile,  and  (b)  Brittle  Materials. 


2.2.1  Framework  for  an  Excitarion-Response-Damage  Prediction  Model 


The  development  of  a  prediction  model  for  structural  damage  from  any  acoustic  loading 
can  be  illustrated  conceptually  in  the  following  simplified  form.  It  follows  the  same  general 
approach  similar  to  that  used  in  a  previous  study  on  the  analysis  of  damage  to  structure  from 
sonic  booms  (Hershey  and  Higgins,  1976).  In  that  work,  the  peak  dynamic  stress  crpk  in  a 
structure  due  to  acoustic  loading  by  a  nominal  free  field  incident  acoustic  pressure  P0  is  given 
by: 

CTpk  =  Po-(Pe/Po)-(Cfs/Pe)*(CTpic/as)  (2-1) 

where  (Pe/Po)  is  the  ratio  of  effective  acoustic  pressure  load  to  the  nominal  acoustic  load.  This 
factor  accounts  for:  (a)  the  relationship  between  the  orientation  of  the  structure  relative  to  the 
incident  sound  pressure  wave,  (b)  the  rigidity  (or  acoustical  impedance)  of  the  structural 
surface,  and  (c)  the  relationship  between  the  wavelength  of  the  acoustic  field  and  the  bending 
wavelength  of  the  structural  vibration  response  to  the  acoustic  field.  (Os/Pe)  is  the  ratio  of  the 
maximum  static  stress  in  the  structure  to  a  static  pressure  load  equal  in  magnitude  to  the 
effective  acoustic  pressure,  Pe. 

(CTplc/Os)  is  the  ratio  of  the  peak  dynamic  stress  in  the  structure  to  the  static  stress  for 
dynamic  and  static  pressure  loads  which  have  the  same  magnitude.  This  is  called  the  Dynamic 
Amplification  Factor  in  the  Hershey  and  Higgins  model,  and  it  depends  essentially  on  the 
product  of  the  resonance  frequency  of  the  structure  and  a  characteristic  duration  for  a  sonic 
boom. 

An  alternate  model  is  also  useful  by  replacing  the  last  two  terms  in  Eq.  (2-1)  above  with 
a  single  term,  (Ctpk/Pe)  which  is  the  ratio  of  the  peak  stress  in  the  structure  to  the  effective 
applied  pressure.  This  term  will  be  shown  to  depend  on  the  peak  structural  velocity  response 
which  in  turn  depends  on  the  dynamic  response  characteristics  of  a  structure  to  a  transient  load. 
Thus,  Eq.  (2-1)  will  be  modified  for  this  report  where  appropriate  to  read: 

<Jpk  =  Po'(Pe/Po)'(<^pk/Pe)  (2-2) 

2.2.2  Framework  for  Statistical  Models  for  Excitation-Response-Damage  Prediction 

The  preceding  has  defined  the  various  factors  that  are  required  to  predict  the  occurrence 
of  structural  damage.  However,  the  terms  in  Eq.  (2-1)  or  (2-2)  are  really  only  known  in  a 
statistical  sense  when  one  considers  a  broad  variety  of  conditions  restricted  to  just  one  general 
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type  of  structure.  Thus,  following  the  approach  of  Hershey  and  Higgins,  it  is  necessary  to 
define  statisdcal  models  for  each  of  the  terms  in  Eq.  (2-1)  or  (2-2)  in  order  to  define  a 
probability  distribution  for  the  peak  stress,  (apjc)  in  the  structure.  In  addition,  it  is  necessary  to 
define  a  corresponding  statistical  model  for  the  static  stress,  as,  which  corresponds  to  a 
damage  threshold  stress. 

2.2.3  Details  of  Statistical  Model  for  Damage  Assessment 

The  statistical  model  for  damage  assessment  is  based  primarily  on  the  concepts 
developed  by  Hershey  and  Higgins  (1976).  Given  a  probability  distribution  or,  more 
precisely,  a  probability  density  function,  P(CTpic)  of  the  peak  stress  imposed  on  a  structure,  and 
a  corresponding  probability  density  function,  P(<TS)  for  the  strength  or  damage  threshold  stress 
for  a  structure,  the  total  probability  of  failure  is  the  integral  of  that  part  of  the  probab  ’Uy 
density  function,  P(FS)  for  the  factor  of  safety  Fs  that  lies  between  0  and  1  as  illustrated  in 
Figure  2-2a.  This  factor  of  safety  is  given,  for  the  ith  imposed  stress  apki  and  the  jth  damage 
stress  osj,  by  the  ratio: 


Fs  —  OsjA^pki  (2-3) 

When  both  of  these  stress  variables  have  a  l„g-normal  distribution,  that  is,  the  logarithms  of 
their  variables  have  a  normal  (i.c.,  Gaussian)  distribution,  then  the  logarithm  of  the  factor  of 
safety  is  also  normally  distributed.  That  is,  from  Eq.  (2-3),  Log(Fs)  =  Log(as)  -  Log(crpk).* 
Since  the  sum  or  difference  of  two  normally  distributed  statistically  independent  variables  also 
has  i  normal  distribution,  the  factor  of  safety  has  a  log-normal  distribution  if  both  the  imposed 
stress  and  failure  stress  variables  have  log-normal  distribution.  Note  that  this  would  not 
necessarily  be  so  if  the  stress  variables  themselves  instead  of  their  logarithms  were  normally 
distributed,  since  the  quotient  of  two  normally  distributed  variables  is  not  necessarily  normally 
distributed.  This  is  the  basic  reason  for  taking  advantage  of  a  log-normal  distribution  of  the 
stress  variables.  It  is  much  easier  to  compute  the  probability  of  failure  by  evaluating  the 
integral  of  this  log-normal  distribution  since  this  involves  defining  the  integral  of  the  normal 
distribution  curve,  and  this  integral  is  well  tabulated  or  can  be  easily  computed  by  closed-form 
numerical  approximations. 

Since  damage  is  presumed  to  occur  when  the  Factor  of  Safety  Fs  is  less  than  1  (and 
Log(l)  =  0),  the  above  approach  can  be  used  to  calculate  the  basic  probability  of  damage 
(POD).  This  probability,  POD,  is  the  area  under  that  portion  of  the  distribution  of  Log(Fs) 

*  Throughout  this  report.  Log  (X)  will  denote  logarithm  to  the  base  10. 
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Probability  Density 


(b)  Log-Normal  Distribution  for  Factor  of  Safety 


Figure  2-2.  Probability  Density  Function  of  the  Effective  Factor  of  Safety  for  the 
(a)  Linear  and  (b)  Log-Normal  Cases  (from  Hershey  and  Higgins,  1976). 
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which  is  less  than  0  as  illustrated  in  Figure  2-2b.  That  is,  POD  is  equal  to  the  integral  for  the 
normal  distribution  curve  from  -<»  to  0  or: 

POD  =  (1/ol ,V25r)  J  exp  [— (x  -  x)2  /2gl2]  dx  (2-4) 

-oo 

where  x  is  any  value  of  the  log  of  the  factor  of  safety,  x  is  its  mean  value  and  Gl  is  the  standard 
deviation  of  this  logarithm.  From  Eq.  (2-3)  the  denominator  Gpk  of  the  factor  of  safety  is  equal 
to  the  product  of  the  free  field  sonic  boom  pressure  Pf,  the  ratio  Pe/Pf  of  the  effective  to  the  free 
field  pressure,  and  the  ratio  Cpk/Pe  of  the  peak  stress  to  the  effective  pressure.  As  was  done  by 
Hershey  and  Higgins,  it  would  be  possible  to  employ  the  rule  that  the  logarithm  of  the  product 
of  several  variables  is  equal  to  the  sum  of  their  logarithms.  However,  this  is  not  really 
necessary  at  this  point  and  it  is  desirable  to  retain  the  physical  identity  of  each  variable  for  now, 
and  only  convert  to  their  logarithms  in  the  computations. 

The  standard  deviation  gl  of  the  log  of  the  factor  of  safety  needed  to  evaluate  Eq. 
(2-4)  is  found  by  taking  the  square  root  of  the  sum  of  the  variances  (i.e.,  the  square  of  the 
standard  deviation  of  the  logs)  of  each  constituent  term  in  the  factor  of  safety.  That  is: 

gl  =  VcTL(Pf)2  +  aL(Pe/Pf)2  +  GL(Gpk/Pe)2  +  GL(GS)2  (2-5) 

where  the  first  three  terms  under  the  square  root  sign  signify  the  square  of  the  standard 
deviation  of  the  log  of  each  of  the  factors  required  to  define  the  effective  value  of  the  imposed 
peak  stress,  and  the  last  term  denotes  the  square  of  the  standard  deviation  of  the  log  of  the 
failure  stress  or  strength.  For  purposes  of  tabulation  of  these  latter  quantities,  it  was 
convenient  to  express  them  in  terms  of  decibels.  This  is  simply  equal  to  20  times  their  value. 
For  example,  20(Standard  Deviation  of  Log  of  Pressure)  has  the  same  physical  meaning  as  the 
standard  deviation  of  a  sound  level  in  decibels  (20Log  [Pressure])  and  can  be  more  readily 
interpreted  in  that  manner.  Of  course,  for  final  computations  of  POD,  the  required  form 
indicated  by  Eq.  (2-5)  is  recovered. 

For  the  cases  of  concern  for  this  report,  the  probability  of  damage  is  less  than  50 
percent  and  the  integral  in  Eq.  (2-4)  can  be  conveniently  expressed  in  terms  of  the 
complementary  error  function  erfc(z)  (Abramowitz  and  Stegun,  1972).  Thus  the  probability  of 
damage,  POD,  is: 


POD  =  (1/2)  •  erfc  (z) 


(2-7) 
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where  z  =  x/clV2,  x  is  the  mean  value  of  x,  which  is  the  log  of  the  factor  of  safety,  (as/(Jpk)- 

The  following  algorithms,  based  on  fitting  polynomials  to  tabulated  values  for  erfc(z) 
(Abramowitz  and  Stegun,  1972),  were  used  for  computing  the  probability  of  failure  for  this 
report.  Although  more  complex  algorithms  are  also  available,  the  following  expressions  are 
accurate  within  less  than  0.7  percent  for  the  applicable  range  of  z. 

For  /  <  1.5,  erfc(z)  =  1.002873  -  1.23413  •  z  +  0.389448  •  z2  (2-8a) 

or,  for  z  >  1.5, 

erfc(z)  =  [  exp  (-z2)/  z  ]  [  0.56417  -  0.27884  r2  +  0.34498^-0.33579  z*]  (2-8b) 

While  some  of  the  data  utilized  to  estimate  the  stress  response  of  a  structure  were  found  to  have 
an  approximate  log-normal  distribution,  it  was  usually  not  possible  to  validate  such  an 
assumption  with  the  limited  data  available.  Thus,  when  necessary,  the  required  values  of  the 
standard  deviations  of  the  log  of  the  quantities  involved  were  estimated  from  information  on  the 
statistical  variation  of  the  variable  (i.e.,  its  own  standard  deviation  or  its  range  of  extreme 
values).  In  the  latter  case,  for  example,  it  was  assumed  that  ctl  was  equal  to  one-fourth  of  the 
log  of  the  ratio  of  the  maximum  to  minimum  value,  corresponding  to  an  estimate  of  the  ±2 
sigma  range  of  the  log  of  the  variable. 

2.3  Field  Inspection  Techniques  to  Assess  Potential  Damage  to 

Unconventional  Structures 

One  key  objective  of  this  program  was  to  explore  experimental  methods  for  assessing 
the  pre-  and  post-sonic  boom  exposure  condition  of  unconventional  structures.  Such 
techniques  should  provide  a  reasonable  basis  for  comparing  the  existing  condition  of  a 
structure  before  exposure  relative  to  the  type  of  normally  minor  damage  that  may  result  from 
exposure  to  sonic  booms  generated  by  air  combat  training  flight  activity  of  supersonic  fighter 
aircraft.  Potential  damage  from  any  low  altitude  supersonic  flight  activity  is  likely  to  be  much 
more  obvious  so  that  validation  of  any  damage  is  not  as  likely  to  be  dependent  on  the  more 
precise  methods  that  are  required  to  assess  potential  damage  from  sonic  boom  exposure  from 
supersonic  Air  Combat  Maneuver  (ACM)  flight  activity. 

Although  the  pre-  and  post-exposure  measurement  techniques  are  ideally  required  for 
all  of  the  generic  categories  of  unconventional  structure,  the  relative  ease  with  which  such  field 
inspection  techniques  can  be  applied  will  vary  markedly  with  the  type  of  structure.  One 


2-12 


problem,  of  course,  is  that  the  pre-exposure  condition  of  some  structures  can  never  be 
evaluated  since  they  they  have  already  been  exposed  to  sonic  boom  environments  for  a  long 
time. 


In  many  cases,  the  effect  of  age  will  also  be  very  difficult  to  deal  with  when  making 
any  pre-exposure  examination  of  old  unconventional  structures,  since  over  time  minor  or  even 
major  structural  damage  will  often  result  from  natural  phenomena  (e.g.,  earthquakes,  wind 
storms,  lightning  strikes,  etc.). 

Four  basic  types  of  physical  parameters  were  considered  for  evaluating  pre-  and  post¬ 
exposure  conditions  of  unconventional  structures.  Selection  of  these  parameters  involved 
definition  of  the  unique  structural  or  topographical  features  of  unconventional  structures  which 
would  be  subject  to  potential  damage. 

(1)  Surface  topography  (i.e.,  the  presence  of  visible  surface  cracks) 

(2)  Internal  structural  integrity  (i.e.,  presence  or  absence  of  flaws  or  breaks  in  the 
structure) 

(3)  "Inventory"  of  previous  "failures”  of  the  structural  surface.  This  would  be 
indicated,  for  example,  by  the  presence  of  broken-off  pieces  of  rock  at  the  base  of 
an  Indian  petroglyph  carved  on  a  rock  wall.  It  was  anticipated  that  this  measure 
would  only  be  qualitative  at  best.  However,  for  critical  prehistoric  structures, 
simple  field  monitoring  stations  could  be  established  to  collect  the  natural 
accumulation  of  surface  fracture  material  over  a  period  of  several  months.  These 
surface  failures  of  the  material  would  be  expected  to  accumulate  over  time  due  to 
natural  causes  such  as  extreme  changes  in  weather  (especially  temperature  and 
moisture),  thunder,  or  normal  microseismic  activity.  Significant  changes  in  the 
rate  of  accumulation  of  this  material  coincident  with  exposure  to  sonic  booms 
could  conceivably  provide  indirect  evidence  of  the  potential  for  sonic  boom- 
induced  damage,  or,  more  likely,  of  the  lack  thereof.  (Due  to  the  expected  long 
monitoring  time  required  to  establish  a  valid  data  base  for  such  a  technique,  it  was 
rejected  without  further  study  as  not  being  practical  for  this  program.) 

(4)  Dynamic  and  static  properties  of  the  basic  material.  These  material  properties  are 
really  expected  to  be  invariant  with  respect  to  exposure  conditions  since  they  will 
be  considered  to  be  dependent  only  upon  the  basic  material  itself  and  not  on  its 
condition.  That  is,  the  compression  strength  of  a  sample  of  an  adobe  wall  will 
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condition.  That  is,  the  compression  strength  of  a  sample  of  an  adobe  wall  will 
apply  to  the  adobe  material  itself  in  an  undamaged  state  and  not  to  an  adobe 
element,  such  as  a  block,  which  may  have  a  crack  in  it.  Nevertheless,  these 
properties  are  included  here  as  one  of  the  basic  types  of  material  properties  that 
might  be  evaluated  with  nondestructive  testing  (NDT)  techniques  for  application 
to  damage  assessment  of  unconventional  structures. 

While  the  latter  parameter  may  be  appropriate  in  almost  all  cases,  only  one  or  two  of  the  first 
three  parameters  will  be  appropriate  for  many  unconventional  building  materials.  For  example, 
for  an  adobe  building,  it  was  anticipated  that  the  key  parameters,  in  addition  to  the  material 
properties,  would  be  the  surface  topography  and  the  presence  or  absence  of  internal  flaws. 

Large  variations  in  the  values  of  these  parameters  would  be  expected  as  a  function  of 
where  they  are  measured  on  a  given  structure.  Too  large  a  variance  will  make  it  difficult,  if  not 
impossible,  to  reliably  distinguish  between  the  existence  of  damage  and  the  normal  variance  in 
the  parameter  selected  for  evaluation. 

Although  there  is  a  large  body  of  literature  available  on  nondestructive  testing  (see 
Kamm  and  Kraska,  1971;  Seiner  and  Tracy,  1972,  and  Schroeer,  1971)  for  representative 
examples),  no  significant  information  is  available  which  illustrates  a  direct  application  of  NDT 
methods  to  the  problems  of  concern  for  this  program. 

The  selection  of  the  most  practical  pre-  and  post-exposure  parameters  to  measure 
obviously  required  consideration  of  which  suitable  measurement  techniques  were  available. 
For  example,  it  was  felt  that  mechanical  impedance  could  not  be  used  reliably  to  evaluate  pre- 
and  post-exposure  conditions  for  the  walls  of  archaeological  monuments  where  the  thickness 
of  the  wall  and  hence  the  impedance,  would  tend  to  vary  over  a  very  large  range.  On  the  other 
hand,  this  technique  was  expected  to  be  potentially  useful  for  assessment  of  the  condition  of 
adobe  buildings  which  have  fairly  uniform  wall  thicknesses. 

Potential  candidate  field  inspection  methods  considered  were: 

•  Visual  and  photographic  recording  of  surface  condition,  including  identification 
and  measurement  of  surface  cracks. 

•  Ultrasonic  NDT  techniques  employing  steady  state  or  impulse  signals  to  probe  the 
surface  or  near-surface  layer  of  the  material  for  structural  faults. 
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•  Mechanical  impedance  techniques  to  probe  deeper  into  the  material  for  structural 
faults  using  steady  state  or  impulse  signal  processing  techniques.  For  example, 
the  shape  of  a  compression  wave  reflected  from  the  interface  of  a  structural  fault 
in  a  solid  material  may  be  able  to  provide  an  indication  of  structural  damage  in 
much  the  same  way  that  seismic  signals  are  used  in  the  geological  exploration  for 
oil  deposits. 

•  Measurements  of  the  mechanical  surface  impedance.  This  technique  involves  the 
measurement  of  structural  velocity  which  is  convenient  due  to  the  direct 
relationship  that  exists  between  structural  velocity  and  strain  or  stress  (Hunt, 
1960).  Some  consideration  was  given  to  the  possibility  of  using  a  laser 
velocimeter  for  taking  such  impedance  measurements.  The  major  advantage  is 
that  the  technique  allows  very  small  velocities  to  be  measured  directly  with  the  use 
of  a  laser  doppler  technique.  However,  due  to  the  cost  of  the  equipment  and  the 
potential  difficulty  of  operating  such  a  unit  in  the  field,  further  exploration  was 
dropped.  Subsequent  discussions  with  research  personnel  involved  in  utilizing  a 
laser  velocimeter  for  field  measurements  of  velocity  response  of  the  ground  to 
acoustic  excitation  also  indicated  that  there  are,  indeed,  difficulties  associated  with 
the  effective  use  of  such  an  instrument  in  the  field  due  to  its  extreme  sensitivity 
(Sebatier,  1988). 

•  For  metallic  building  materials,  the  use  of  surface  penetrating  dies  may  be  suitable 
to  explore  for  surface  faults  (Bailey  and  Kraska,  1970). 

•  Mechanical  or  low  power  laser  profilometers  or  photographic  techniques  for 
evaluation  of  surface  conditions  on  material  such  as  old  adobe  or  Indian 
petroglyphs. 

•  Other  NDT  testing  techniques,  such  as  X-ray  photogrammetry  or  magnetic  flux 
measurements  are  not  expected  to  prove  useful  in  this  program  due  either  to  their 
relative  complexity  (e.g..  X-ray  systems)  or  their  lack  of  suitability  for  evaluating 
potential  damage  to  the  type  of  non-metallic  materials  that  are  of  primary  concern 
for  this  program. 

2.3.1  Field  Techniques  Selected 

After  considering  all  of  the  practical  aspects  of  applying  the  above  techniques  in  the 
field,  the  following  were  selected  as  suitable  for  this  program  for  trial  evaluation. 
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•  Pre-  and  post-exposure  photographic  records  of  the  surface  defects  (i.e.,  cracks). 
This  was  considered  to  be  the  simplest  way  to  obtain  and  document  objective  data 
on  surface  conditions  cf  brittle  materials.  The  technique  has  been  frequently 
employed  in  the  past  in  studies  of  building  damage  from  sonic  boom  (e.g., 
Wiggins,  1969)  and  blast  (Siskind,  et  al.,  1980a,  b). 

•  Pre-  and  post-exposure  measurements  of  mechanical  impedance  using  impulsive 
and  sine-sweep  techniques  were  utilized  with  limited  success.  An  impedance 
hammer  to  measure  force  and  acceleration  simultaneously  was  utilized  for  impulse 
measurements.  An  electrodynamic  wall-driver  provided  a  means  of  obtaining 
frequency  response  information  for  small  wail  areas. 

The  results  of  this  exploratory  effort  have  provided  a  brief  evaluation  of  possible  experimental 
measurement  methods  for  evaluating  pre-  and  post-exposure  conditions  of  unconventional 
structures. 

Measurements  of  each  of  the  unconventional  structures  were  taken  before  and  after  the 
exposure  to  actual  sonic  boom  loading.  In  all  cases,  the  key  objective  of  these  measurements 
was  to  determine  whether  or  not  the  application  of  the  real  sonic  boom  loading  showed 
consistent  and  demonstrable  evidence  of  damage.  A  secondary  objective  was  to  provide  a  valid 
demonstration  of  the  feasibility  of  carrying  out  such  measurements  in  the  future,  with  the 
photographic  and  mechanical  impedance  techniques  evaluated.  Results  of  applying  these 
methods  are  given  in  Section  5. 

2.3.2  Summary  of  Sonic  Boom  and  Blast  Damage  Inspection  Techniques  from  Previous 
Studies 

A  brief  review  of  techniques  used  in  previous  studies  of  structural  damage  from 
exposure  to  sonic  booms  or  air  blast  overpressures  is  helpful,  at  this  point,  to  understand  the 
basis  for  the  techniques  selected  for  this  study.  The  techniques  employed  in  the  past  have 
generally  involved  the  luxury  of  labor-intensive  procedures  and  a  long  observation  period, 
neither  of  which  were  feasible  for  this  program. 

2.3.2. 1  Evaluation  of  Structural  Damage  from  Sonic  Booms 

While  many  programs  have  been  conducted  which  involved  the  measurement  of 
structural  response  to  sonic  boom  (see  Appendix  A  and  Hubbard,  et  al.,  1986),  only  two 
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programs  have  included  any  significant  amount  of  objective  examination  of  structural  damage 
over  a  substantial  period  of  time  and  for  a  large  number  of  sonic  boom  exposures. 

These  were  the  NAS  A/US  AF  tests  near  Indian  Springs,  Nevada  (Maglieri,  et  al.,  1966) 
and  the  White  Sands  Missile  Range  tests  (Wiggins,  1965).  Only  glass  damage  was  recorded  at 
the  Indian  Springs  test.  Glass,  plaster  and  bric-a-brac  damage  was  recorded  during  the  White 
Sands  test  program.  Two  other  test  programs,  Oklahoma  City  (Andrews,  et  al.,  1965),  and 
Edwards  Air  Force  Base  (Kryter,  et  al.,  1966)  have  been  conducted  which  involved  direct 
measurement  of  structural  response,  but  no  damage  occurred  in  the  test  structures. 

In  the  Indian  Springs  tests,  the  window  test  specimens  were  carefully  constructed  and 
located  on  one  side  of  small  closed  boxes  which  served  as  test  jigs  (Maglieri,  et  al.,  1966). 
This  mounting  does  not  correspond  to  a  real  window  configuration  in  a  building.  The  only 
substantial  window  damage  from  the  White  Sands  tests,  involving  some  specially  built  test 
buildings  and  existing  buildings,  occurred  during  one  unscheduled  flight  where  the 
overpressure  reached  38  psf  (Wiggins,  1965). 

In  neither  test  was  there  any  observation  of  glass  fragments  being  propelled  beyond  the 
window  frame  as  was  observed  in  a  low  altitude  supersonic  flight  test  when  the  peak  sonic 
boom  overpressures  were  as  high  as  120  psf  (Nixon,  et  al.,  1968).  A  unique  window  damage 
pattern  occurred  for  this  test  that  has  not  been  reported  anywhere  else.  The  structural  damage 
reports  from  these  tests,  while  qualitative,  deserve  more  careful  examination. 

The  Indian  Springs  test  program  (Maglieri,  et  al.,  1966  and  Nixon,  et  al.,  1968)  is  the 
only  controlled  sonic  boom  test  program  conducted  in  the  United  States  which  exposed  any 
normal  structure  to  sonic  boom  above  30  psf  overpressure.  The  structure  consisted  of  "very 
old  frame  and  brick  buildings  in  poor  states  of  repair  and  both  old  and  new  campers  and 
trailers."  No  building  response  measurements  were  obtained  at  the  two  building  sites  (the 
towns  of  Belmont  and  Stone  Cabin,  Nevada).  The  principle  findings  from  these  tests  were: 

•  At  the  nearly  abandoned  town  of  Belmont,  the  maximum  overpressures  measured 
were  24  and  33  psf  for  the  two  overflights  which  passed  about  2,600  feet  from 
the  town  center  (2,000  feet  from  the  nearest  building). 

•  At  Stone  Cabin  ranch,  the  maximum  overpressure  was  50  psf  (at  6  ft  above  the 
ground  at  1  mile  from  the  track)  for  the  one  overflight  at  an  altitude  of  210  ft. 
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Damage  was  confined  to  glass  breakage,  plaster  cracking,  and  furnishings  (bric- 
a-brac)  falling  from  shelves. 


•  Usually  glass  breakage  (at  these  buildings)  occurred  for  the  window  facing  the 
on-coming  aircraft  and,  in  some  instances,  glass  fragments  were  propelled  up  to 
12  ft. 

•  A  small  side  window  of  a  camper  parked  100  ft  from  the  track  (where 
overpressure  would  have  been  of  the  order  of  50  to  100  psf)  was  also  broken  and 
glass  (fragments)  flew  as  far  as  12  ft  in  the  direction  of  the  aircraft  approach. 

For  the  White  Sands  tests  the  damage  ranged,  in  a  rough  scale  of  increasing  damage,  from 
(a)  spalling  of  old  cracks,  to  (b)  hairline  extension  of  existing  cracks  to  (c)  falling  plaster,  for 
damage  threshold  overpressures  ranging  from  3.3  psf  to  16  psf  (Wiggins,  1965).  Specific 
values  for  damage  threshold  reported  from  the  White  Sands  Tests  for  interior  walls  and  ceilings 
are  given  in  Table  2-5.  These  damage  threshold  levels  proposed  in  Wiggins,  1965  are  useful 
for  perspective  for  this  program  but  do  not  necessarily  apply  to  the  categories  of 
unconventional  structures  listed  in  Table  2-4. 

2.3.2.2  Identification  of  Sonic  Boom  Damage 

The  most  common  form  of  structural  damage  from  sonic  boom  other  than  window 
breakage,  consists  of  cracks  in  interior  surfaces.  A  number  of  guidelines  have  been  developed 
for  the  identification  and  quantification  of  such  damage  due  to  both  sonic  boom  and  other 
causes  and  some  of  these  guidelines  are  considered  here. 

From  Mayes  and  Edge,  1964:  "Discoloration,  dirt  penetration,  and  cracked  edges  are 
the  basis  of  determining  the  age  of  cracks  (e.g.,  old  cracks  may  not  be  due  to  sonic  boom)." 

From  Wiggins,  1965:  "Damage  to  plaster  and  gypsum  board  caused  by  sonic  boom  is 
broken  down  into  three  categories  of  increasing  severity  of  damage. 

Slight  spalling  of  old  cracks.  A  little  dust  will  fall  from  an  existing  crack  that  can 
be  seen  by  a  very  observant  person  or  a  trained  observer. 

Fine  or  hairline  cracks  will  extend  from  old  ones.  Extension  is  usually  less  than 
about  4  inches  and  can  be  detected  only  upon  very  close  examination. 
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Table  2-5 


Maximum  SafeW  Predicted  or  Recorded  Peak  Sonic  Boom  Overpressure  for 
Representative  Buiilding  Materials  on  Interior  Walls  and  Ceilings 
(Adapted  from  Wiggins,  1965) 


Material 

Pf,  Peak 

Minori2) 

Pressure,  psf 

MajorG) 

1. 

Plaster  on  wood  lath 

3.3 

5.6 

2. 

Plaster  on  gyplath 

7.5 

16 

3. 

Plaster  on  expanded  metal  lath 

16 

16 

4. 

Plaster  on  concrete  block 

16 

16 

5. 

Gypsum  hoard  (new) 

16 

16 

6. 

G”pc  im  board  (old) 

4.5 

16 

7. 

ol  popping  (new) 

5.4 

16 

8. 

Bathroom  tile  (old) 

4.5 

8.5 

9. 

Damaged  suspended  ceiling  (new) 

4.0 

16 

10. 

Stucco  (new) 

5.0 

16 

Iri  Less  than  one  chance  in  10,000  when  within  five  miles  of  flight  track.  This 
corresponds  to  a  99.99  percent  confidence  that  damage  will  not  occur. 

(2)  Small  (less  than  three  inches)  hairline  crack  extensions  or  pre-damaged  paint 
chipping  or  spalling. 

0)  Falling  plaster  or  tile,  etc. 
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•  "Plaster  falls,  part  of  a  ceiling  or  a  loose  piece  of  wall  plaster  may  fall  to  the 
floor." 

This  semi-quantitative  scale  of  crack  damage  is  consistent  with  a  very  similar  scale  defined  by 
the  U.S.  Bureau  of  Mines  for  crack  damage  from  blasting  operations  (Thoenen  and  Windes, 
1942). 

2. 3.2. 3  Parameters  Influencing  the  Occurrence  and  Detection  of  Cracking 

Considerable  knowledge  exists  on  natural  forces  and  mechanisms  that  cause  structural 
damage  (e.g.,  "differential  settlement"  of  soils,  lumber  shrinkage  and  swelling  from  humidity 
changes,  etc.),  and  is  useful  for  damage  claim  investigations  and  support  of  damage  claims 
litigation.  Comprehensive  summaries  are  given  in  Wiggins  (1969,  1965)  for  experience  in  the 
U.S.,  and  in  Wilhelmsen  and  Larsson  (1973)  for  experience  in  Sweden.  This  knowledge  can 
provide  strong  support  for  preexistence  of  the  damage  or  to  show  it  was  obviously  caused  by 
something  other  than  sonic  booms. 

Thus,  structures  exposed  to  sonic  booms  can  crack  for  a  variety  of  reasons  which  have 
nothing  to  do  with  the  sonic  booms  for  a  variety  of  reasons  including  (Wiggins,  1965): 

( 1 )  Ratio  of  inside  to  outside  surface  and  air  temperatures 

(2)  Range  of  inside  and  outside  humidity  (i.e.,  temperature  and  humidity  influence  the 
amount  of  shrinking  of  wood  frame  members  which  is  a  major  source  of  cracking 
of  interior  surfaces). 

(3)  Intensity,  duration  and  direction  of  wind 

(4)  Differential  settlement  of  building  foundation 

(5)  Room  volume,  wall  and  ceiling  area 

(6)  Orientation  of  walls  to  solar  heat  input 

(7)  Type  of  skin,  frame,  exterior  materials  and  interior  finish 

(8)  History  of  patching 

(9)  Presence  of  water  leaking  from  pipes  onto  building  structure 
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Most  of  these  factors  apply  to  unconventional  structures  just  as  well  as  they  apply  to 
conventional  structures.  Figure  2-3  illustrates  more  graphically  some  of  these  natural  causes 
for  cracking. 

The  factors  which  influence  the  magnitude  of  the  dynamic  loading  and  stress  response 
of  structures  and  hence  influence  the  occurrence  of  cracking  from  sonic  boom  include 
(Sutherland,  1968a): 

(1)  Magnitude  of  peak  pressure  of  sonic  boom 

(2)  Wave  form  and  duration  of  pressure  pulse  from  sonic  boom. 

(3)  Direction  of  arrival  of  sonic  boom  relative  to  building  surface. 

(4)  Relative  rigidity  (or  impedance)  of  surface  exposed  to  sonic  boom. 

(5)  Presence  and  position  of  nearby  reflecting  surfaces,  including  the  ground. 

(6)  The  total  number  of  booms  experienced  (i.e.,  the  effect  of  cumulative  exposure). 

(7)  The  dynamic  response  characteristics  of  the  structure,  including  its  resonant 
frequencies,  mode  shape,  damping,  location  of  walls  on  outside  or  inside  of 
structure,  and  presence  of  windows  or  doors. 

(8)  The  structural  strength  of  the  material  at  the  time  of  exposure  to  the  sonic  boom. 

The  factors  which  influence  the  ability  to  observe  and  record  cracks  in  structures  are  (Wiggins, 
1965): 

( 1 )  Frequency  of  observation 

(2)  Objectivity  of  observers 

(3)  Maintenance  of  the  same  observers  throughout  the  program 

(4)  Rotation  of  observers  to  randomize  their  effect 

(5)  Application  of  positive  crack  recording  methods 

(6)  Analysis  of  data  on  crack  length  times  number  of  cracks 
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Examples  of  Cracking  Damage  in  Structures  from  Natural  Causes  (Adapted  from  Wiggins,  1969). 


1 


(7)  Correlation  between  cracking  data  from  sonic  boom  exposure  and  pre-exposure 
time  periods  (i.e.,  it  is  best  to  use  the  same  position  on  the  same  structure  for  each 
of  the  two  observation  periods). 

In  summary,  methods  of  damage  assessment  employed  in  the  past  have  stressed  techniques 
that,  with  the  exception  of  crack  length  measurements  and  analysis,  are  often  difficult  to 
quantify  objectively.  The  technique  depends  to  a  very  large  extent  on  the  skill  and  experience 
of  the  inspector  in  applying  consistent  methods  to  achieve  reliable  results.  Photographic 
records  of  crack  damage,  carefully  and  systematically  obtained,  seem  to  offer  one  of  the  best 
methods  which  should  maximize  objectivity  of  resuits  and,  except  for  experience  in  skilled 
interpretation,  minimize  the  experience  requirements  for  acquisition  in  the  field.  This  technique 
would  seem  to  be  a  very  suitable  one  for  use  by  the  USAP  for  damage  assessment. 
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3.0  SONIC  BOOM  ENVIRONMENT 


This  section  addresses  the  definition  of  the  sonic  boom  environment.  Practical 
statistical  models  are  required  for  the  magnitude  of  the  sonic  boom  overpressures  for  different 
types  of  supersonic  flight  training  operations  which  are,  or  may  be,  carried  out  by  the  USAF. 
The  following  three  items  exemplify  the  diversity  of  these  operations. 

•  Air  Combat  Maneuver  Training  (ACM)  carried  out  within  an  elliptically  shaped  area 
about  35  by  60  miles  at  altitudes  from  5000  to  40,000  ft  at  Mach  numbers  primarily 
from  1  to  1.1  with  some  small  amount  at  Mach  numbers  to  1.3  (Galloway,  1983; 
Plotkin,  et  al.,  1989). 

•  Supersonic  Corridor  flight  activity.  Usually  carried  out  at  high  altitudes  but 
occasionally  below  5000  ft,  along  a  straight  flight  track  (Plotkin,  1985b). 

•  Low  altitude  supersonic  flight.  Although  not  currently  carried  out,  at  least  not 
outside  Federally-controlled  land,  such  low  altitude  supersonic  flight  activity  might 
potentially  consist  of  a  number  of  short  level  flight  sections  initiated  and  terminated 
by  short  periods  of  acceleration  and  deceleration  respectively  and/or  abbreviated 
maneuver  sections  (i.e.,  turns);  all  at  altitudes  from  about  100  to  1000  ft  (Plotkin, 
1989b). 

A  useful  model  for  predicting  potential  structural  damage  from  sonic  booms  of  any  magnitude 
can  be  established  without  defining  the  actual  sonic  boom  pressures  for  all  types  of  supersonic 
flight  operations.  However,  it  was  felt  that  a  practical  approach  for  ACM-generated  sonic 
booms  requires  that  some  minimum  definition  of  actual  sonic  boom  environments  be  provided, 
so  that  within  one  report,  the  overall  assessment  of  damage  potential  can  be  accomplished  for 
this  dominant  type  of  supersonic  flight  activity  without  a  separate  evaluation  of  the  sonic  boom 
environment  itself.  The  inherently  random,  unpredictable  nature  of  ACM  operations  dictates 
the  necessity  of  relying  on  actual  measured  sonic  boom  data  to  validate  conceptual  models  for 
predicting  their  sonic  boom  environments.  Fortunately,  the  results  of  a  recent  comprehensive 
study,  summarized  in  the  following  section,  are  available  for  this  purpose. 

For  the  second  and  third  types  of  supersonic  flight  activity  identified  above,  the  flight 
operations  are  more  deterministic,  and  well-validated  theoretical  models  for  predicting  sonic 
boom  environments  can  be  safely  utilized  (Plotkin,  1989a).  No  attempt  is  made  to  generalize 
the  many  types  of  supersonic  flight  operations  possible  for  these  two  categories  of  supersonic 
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flight.  However,  representative  theoretically  predicted  and  experimentally  validated  values  for 
sonic  boom  overpressures  are  presented  in  a  following  section  for  the  convenience  of  the 
reader  and  to  make  it  possible  to  provide  preliminary  predictions  of  possible  damage  for  such 
flight  operarions. 

In  all  cases,  following  the  procedure  adopted  in  Hershey  and  Higgins,  1976,  the  basic 
sonic  boom  environment  will  first  be  defined  in  terms  of  a  nominal  "free-field"  pressure  P0, 
that  is,  by  convention  for  sonic  boom  prediction,  the  pressure  that  actually  exists  at  the  surface 
of  a  reasonably  hard  reflecting  ground.  Thus  P0  inherently  includes  a  pressure  increase,  due 
to  reflection,  normally  taken  as  approximately  2,  over  the  truly  free  field  pressure  that  would 
exist  in  the  absence  of  any  reflecting  surface  (Plotkin,  1989a). 

Next  the  actual  sonic  boom  pressure  Pf  that  exists  under  field  conditions  is  defined  in 
terms  of  the  statistics  for  the  ratio  between  the  nominal  value  P0  and  the  actual  value  Pf  that 
differs  from  PQ  due  to  variations  in  weather  and  in  the  actual  flight  speed  and  altitude  of  the 
supersonic  aircraft  compared  to  the  nominal  or  average  values  for  that  flight  condition. 

Finally,  the  effective  sonic  boom  pressure  loading  on  a  structure  is  defined  in  terms  of 
the  ratio  between  the  effective  pressure  Pe  and  the  actual  incident  (free  field)  pressure  Pf.  The 
ratio  reflects  the  change  in  effective  pressure  loading  on  a  structure  as  a  result  of  the  direction 
of  arrival  of  the  sonic  boom  relative  to  the  surface  it  strikes,  the  effective  "acoustic  impedance" 
of  the  surface  (restricted  to  consideration  of  the  relative  solidity  of  the  surface,  i.e.,  the  amount 
of  openings),  and  the  effect  of  differences  in  pressure  time  history  on  the  effective  loading. 

3 . 1  Sonic  Boom  Environment  for  ACM  Activity 

ACM  flight  activity  represents  the  most  common  of  the  three  types  of  supersonic  flight 
activity  identified  above  and  will  be  emphasized  in  this  report.  A  previous  study  of  21 
supersonic  F-15  flight  tracks  in  the  Oceana  ACM  area  predicted  that  the  general  geographical 
structure  of  the  sonic  boom  environment  under  such  an  area  would  have  an  elliptical  pattern 
(Galloway,  1980).  Aerial  combat  training  is  carried  out  within  a  Supersonic  Operating  Area 
(SOA)  by  two  (or  more)  adversary  aircraft  who  initiate  their  engagement  at  opposite  ends  of  a 
basic  engagement  line  (i.e.,  the  major  axis  of  the  ellipse).  Using  measured  flight  track  data  and 
a  simple  "carpet  boom"  predictive  model  for  the  sonic  boom  pressures,  the  spatial  distribution 
of  predicted  noise  levels  were  found  to  exhibit  an  elliptical  pattern  due  to  the  basic  nature  of 
aerial  combat  training  maneuvers.  Examination  of  an  expanded  flight  track  data  base  for  78 
sorties  from  Luke  AFB  and  18  from  Nellis  AFB  (about  50%  of  the  total  were  F- 1 5s)  tended  to 
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confirm  this  ellipse  concept  for  modeling  the  noise  (Galloway,  1983).  As  discussed  later,  the 
remaining  quantitative  aspects  of  the  improved  model  appeared  to  have  overestimated  the  actual 
cumulative  noise  environments  within  an  SOA  by  as  much  as  10  dB.  Nevertheless,  these 
initial  studies  provided  useful  preliminary  information  for  application  to  a  general  ACM  noise 
model  that  had  to  evolve  from  actual  noise  measurements. 

Although  every  supersonic  flight  generates  a  sonic  shock  wave,  some  of  the  shock 
waves  are  refracted  by  the  atmosphere  and  never  reach  the  ground,  as  illustrated  in  Figure  3- 1 
by  the  boundary  of  aircraft  speed  and  altitude  (Carlson,  1978).  However,  this  figure  only 
applies  to  straight  and  level  flight;  booms  generated  by  aircraft  accelerating  in  a  dive  can  reach 
the  ground  at  lower  speeds  and  altitudes  than  indicated  by  these  boundaries  (Galloway,  1983; 
Plotkin,  1989a).  The  first  opportunity  to  validate  these  concepts  for  ACM  sonic  boom 
environments  by  actual  acoustic  measurements  of  the  sonic  boom  pattern  on  the  ground 
captured  only  1 1  booms  over  an  array  of  17  monitors  deployed  in  the  Reserve,  New  Mexico 
Supersonic  Operating  Area  (Brown,  et  al.,  1985).  Although  limited,  these  data  were  basically 
consistent  with  the  elliptical  shape  of  the  concepts  original  model  but  indicated  that  the  number 
of  sonic  booms  per  sortie  according  to  the  earlier  model  (Galloway,  1980)  was  overestimated. 

3.1.1  W?MR  Test  Datq 

A  vastly  expanded  validation  program  was  completed  in  January  1989  at  the  White 
Sands  Missile  Range  (WSMR)  (Plotkin,  et  al.,  1989).  The  key  parameters  which  indicate  the 
scope  of  the  program  are: 

•  Duration  -  6  months 

•  Total  number  of  sorties  -  7019 

•  Number  of  sorties  involving  Air  Combat  Maneuver  (ACM)  Training  -  4600 

•  Number  of  sorties  involving  other  supersonic  flight  training  -  2419 

•  Number  of  (ACM)  sonic  booms  recorded  -  506,  equivalent  to  0.11  booms 
occurring  somewhere  within  the  SOA  per  ACM  sortie 

•  Number  of  sonic  boom  monitors  deployed  in  monitor  array  -  35 

•  Ground  area  covered  by  monitor  array  -  2757  square  miles 

•  Average  spacing  between  22  monitors  concentrated  in  the  southwest  quadrant  of 
test  area  -  about  6  miles 
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Elevation  at  Ground  Level 


Figure  3-1.  Speed  and  Altitude  Limits  for  Booms  to  Reach  Ground  for  Standard 
Atmosphere  and  Level  Flight  Conditions  (from  Carlson,  1978). 
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•  Number  of  sonic  boom  records  -  2246  (Each  boom  registered  on  an  average  of 
3.8  separate  monitors.  In  all  cases,  the  sonic  boom  monitors  measured  the  actual 
"free  field"  pressure  at  the  ground  and  thus  included  the  pressure  doubling  factor 
mentioned  earlier.) 

•  Number  of  sonic  booms  recorded  on  each  monitor  -  8  to  1 12  with  an  average  of 
about  64  over  the  6  month  test  period. 

•  Average  number  of  days  of  active  measurement  per  monitor  -  158 

•  Number  of  supersonic  ACM  sorties  evaluated  in  detail  through  computerized 
analysis  of  Air  Combat  Maneuvering  Instrumentation  (ACMI)  records  -  502 

The  aircraft  employed  for  ACM  training  during  this  period  were  71%  F-15,  13%  AT-38,  10% 
F-16,  and  6%  F-5.  While  the  results  can  strictly  be  applied  only  to  types  of  ACM  activity  very 
similar  to  that  occurring  during  the  WSMR  test  and  dominated  by  the  flight  procedures 
employed  for  F-15  aircraft  operating  out  of  Holloman  Air  Force  Base,  the  basic  agreement 
between  the  results  of  this  study  and  the  previous  studies  insures  that  the  geometric  pattern  of 
the  sonic  boom  environment  under  an  SOA  is  now  well  defined. 


The  key  results  of  this  program  can  be  summarized  in  the  form  of  two  basic 
expressions  which  were  selected  on  the  basis  of  a  careful  mathematical  analysis  to  establish  a 
reasonable  model  to  define  the  spatial  variation  in  the  Average  Day-Night  C- Weighted  Sound 
Level  in  decibels  (abbreviated  as  DNCL  and  symbolized  by  Lcdn  in  equations),  and  the  spatial 
variation  in  the  number  of  sonic  booms,  n,  occurring  on  the  ground  per  day  (Plotkin,  et  al., 
1989).  These  patterns,  shown  in  Figures  3-2a  and  3-2b  in  terms  of  the  mathematically 
smoothed  two-dimensional  normal  (Gaussian)  distribution  fit  to  the  measured  data,  are 
described  by: 

Lcdn  =  25  +  10-Log(N)  +  10-Log  {exp  (-  j[(X/ax)2+  (Y/ay)2]))  ,dB  (3-1) 

n  =  0.0012  •  N  •  exp  {-  j[(X/a'x)2  +  (Y/a'y)2]}  ,  booms/day  (3-2) 


where  N  =  Number  of  ACM  sorties  per  month 

X,Y  =  the  distances  from  the  center  of  the  ellipse  along  the  minor  and  major  axes 
respectively. 

ox  =  standard  deviation  of  DNCL  pattern  along  the  minor  axis  of  the  ellipse  = 
11.1  miles 


3-5 


x> 

o 

73 

Q- 

V} 

'< 

O 

73 

V) 

t> 

5  o 

00  x 

> 

> 

u-  3s 
O  ~ 

73 

-J 

1 3 

c 

£  3 

>% 

03 

3  - 

Z  £ 

Q 

T3^ 

C  O 

r— 

c 

^5 

U  s 

ca 

z  £ 

M 

a  | 

/ 

U 

< 

Q 

W 

<2 

J 

/ 

T3 

"2 

— 

v\ 

Cm 

O’  \ 

3 

V5 

£ 

/  \ 

C3 

<U 

V5 

/ 

! 

T3 

T3 

o 

2" 

2 

c 

_o 

m 

MM 

V) 

1) 

3 

-O 

■s 

c 

V5 

5 

Cy  =  standard  deviation  of  DNCL  pattern  along  the  major  axis  of  the  ellipse  = 
18.9  miles 

a'x  =  standard  deviation  of  pattern  for  n  along  the  minor  axis  of  the  ellipse  =  13 
miles 

CT'y  =  standard  deviation  of  pattern  for  n  along  the  major  axis  of  the  ellipse  = 
21.4  miles. 

This  refined  model,  based  on  actual  noise  measurements,  retains  the  concept  of  noise  contours 
in  the  form  of  elliptical  patterns,  but  differs  from  the  earlier  model  in  three  aspects: 

(1)  The  ellipses  are  described  by  two-dimensional  Gaussian  (normal)  distribution 
curves  that  have  exactly  the  same  shape  (for  a  given  type  of  contour)  regardless  of 
"their  size.  This  contrasts  with  the  use  of  separate  power  law  fits  for  each  axis  of 
the  two-dimensional  flight  track  data  distribution  in  the  earlier  model.  This 
caused  the  ellipse  shape  (i.e.,  eccentricity)  to  change  with  its  size  (Galloway, 
1983).  There  is  no  obvious  justification  for  one  approach  over  the  other. 
However,  a  careful  mathematical  analysis  of  the  large  data  base  of  measured  noise 
levels  from  the  WSMR  tests  considered  several  analytical  forms  to  fit  the  data, 
including  power  laws.  The  two-dimensional  Gaussian  distribution  produced  the 
best  fit  (Plotkin,  et  ai.,  1989). 

(2)  The  predicted  maximum  number  of  sonic  booms  which  reach  the  ground  per 
sortie  was  0.1,  according  to  the  measurements  which  is  less  by  a  factor  of  about  8 
than  the  estimate  of  0.8  in  the  earlier  model  (Galloway,  1983).  However,  it  must 
be  acknowledged  that  this  measured  number  is  strictly  valid  for  the  operations  at 
the  WSMR  range  but  is  believed  to  be  a  more  valid  estimate  of  the  real  situation. 

(3)  As  explained  below,  the  measured  WSMR  data  indicate  a  lower  figure  for  the 
long  time  average  peak  sonic  boom  pressure  at  the  center  of  the  ellipse. 

It  is  important  to  recognize  that  the  patterns  shown  in  Figure  3-2  are  for  a  specific  number  (N) 
of  550  ACM  sorties  per  month  corresponding  to  the  approximate  average  experienced  during 
the  WSMR  measurement  program.  These  expressions  also  provide  one  basis  for  predicting  the 
spatial  variation  in  the  long  time  average  value  of  the  peak  pressure  for  each  of  the  sonic  booms 
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occurring  under  the  SOA.  To  develop  this  pattern,  it  is  only  necessary  to  combine  Eqs.  (3-1) 
and  (3-2)  to  eliminate  the  variable  N.  The  result  can  be  given  in  the  form  of  the  usual 
expression  for  the  total  Average  Day-Night  C-Weighted  Sound  Level  from  a  series  of  n  single 
events  (all  in  the  daytime)  which  have  a  constant  C-Wcighted  Sound  Exposure  Level 
(abbreviated  CSEL  and  symbolized  by  Lce  in  equations).  To  combine  Eqs.  (3-1)  and  (3-2)  it 
was  necessary  to  assume  that  the  values  of  the  standard  deviations  (o'x  and  o'y)  for  the  "n 
ellipse"  are  simply  scaled  up  by  a  constant  factor  from  the  corresponding  values  for  the  "DNCL 
ellipse."  In  fact,  the  ratios  (a'x/crx)  and  (c'y/CTy)  are  equal  to  1.13  and  1.17  respectively,  so 
that  a  constant  value  of  1.15  was  assumed  for  this  scaling  ratio  between  the  two  ellipses. 

Based  on  this  assumption,  the  result  of  combining  Eqs.  (3-1)  and  (3-2)  to  eliminate  N 
is: 

L-CDN  =  25  +  10  Log  (n/[0.0012  exp  (-  jZ2  c2)])  +  10  Log  [exp(-  ^-Z2)],  or 
Lcdn  =  [25  +  29.2  +  49.4]  +  (1-c2)  10  Log  [exp  (-  jZ2)\  +  10  Log  (n)  -  49.4,  or 
Lcdn  =  103.6  +  2.44  Log  exp  [(-  \z2)]  +  10  Log  (n)  -  49.4,  dB 

from  which  one  obtains  the  expression  for  the  C-Weighted  Sound  Exposure  Level,  CSEL  as 

Lce  =  103.6  +  2.44  Log  [exp  (-  jZ2)],  dB  (3-3) 

where  Z  =  [(X/ax)2  +  (Y/ay)2] 1/>2,  a  dimensionless  distance 

and  c  =  1/1.15,  the  inverse  of  the  average  ratio  between  the  standard  deviations  of  the 

"n"  and  "DNCL"  ellipses  (e.g.,  ay7ay  =  1.13,  ax'/ax  =  1.17). 

The  resulting  constant  103.6  dB  is  the  apparent  long  time  average  C-Weighted  Sound 
Exposure  Level  in  dB  at  the  center  of  the  ellipse  (where  X,Y  =  0).  This  number  may  be 
compared  with  the  estimated  long  time  space  average  value  at  the  center  of  the  ellipse  for  the  C- 
Weighted  Sound  Exposure  Level  of  100.3  (for  F-15  fighters  operating  in  the  Luke  SOA) 
developed  from  the  earlier  study  (Galloway,  1983).  (The  constant  49.4  is  a  basic  correction 
factor  which  is  an  inherent  part  of  the  definition  for  DNCL  and  which  is  equal  to  10  times  the 
logarithm  to  the  base  10  of  the  number  of  seconds  in  a  day.) 

The  C-Weighted  Sound  Exposure  Level  of  a  sonic  boom  is  a  logarithmic  measure  of 
the  time-integrated  square  of  the  acoustic  pressure  which  has  been  frequency-weighted  to 
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attenuate  frequency  components  below  about  20  Hz.  Such  a  frequency-weighted  measure  of  a 
sonic  boom  pressure  signal  drastically  changes  the  true  time  history  (see  Figure  3-3)  but 
faithfully  registers  the  peak  pressure  of  the  sonic  boom  overpressure  pulse  and  its  duration  and 
thus  retains  basic  information  pertinent  to  the  acoustic  loading  of  sonic  booms  on  most 
structures  (Sutherland,  1968a,  1985). 


3.1.2  Spatial  Variation  of  Peak  Pressure  from  WSMR  Data 

As  indicated  in  Figure  3-3,  the  value  of  the  peak  flat  (unweighted)  sound  pressure  Lpk 
(94  dB  for  the  example  1  Pa'peak  N-wave  illustrated)  is  24  dB  above  the  C-Weighted  Sound 
Exposure  Level,  CSEL  of  70.0  dB.  This  is  a  computed  value  based  on  a  mathematical  model 
for  the  response  of  a  sound  level  meter,  with  and  without  C-weighting,  to  an  ideal  N-wave 
(Sutherland,  1985).  A  digital  analysis  of  42  graphic  records  of  measured  sonic  boom  wave¬ 
forms  more  representative  of  the  type  generated  by  ACM  activity,  carried  out  in  Galloway, 
1983,  showed  that  the  difference  between  Lpk  and  Lce  had  an  average  value  of  24.6  dB  with  a 
standard  deviation  of  2.59  dB.  Spectrum  analysis  of  seven  of  the  sonic  booms  measured  for 
the  WSMR  tests  produced  an  average  value  of  25.0  ±1.0  dB  for  the  difference  between  Lpk 
and  Lce  (Plotkin,  et  al.,  1989).  The  weighted  average  value  for  this  difference  for  all  of  these 
data  is  24.7  dB  with  an  estimated  standard  deviation  of  2.4  dB.  This  average  measured  value 
is  utilized  here  to  convert  Eq.  (3-3)  into  an  expression  for  a  first  approximation  for  the  long 
time  average  peak  pressure  due  to  ACM  activity  anywhere  in  the  WSMR  SOA.  This  first 
approximation  can  be  derived  from  the  first  two  terms  in  Eq.  (3-3)  which  define  the  C- 
Weighted  Sound  Exposure  Level  Lce  as  a  function  of  position  X,Y.  Thus,  since  the  sound 
pressure  level  fora  I  psf  sound  pressure  is  127.6 dB: 


20  Log  [Ppk(psf)] 
20  Log  [Ppk(psf)] 

20  Log  (Ppk(psf)] 


Lpk -127.6  =  Lce  +  24.7-  127.6,  dB  or 
103.6  +  2.44  Log  [exp  (-  \z 2)]  +  24.7  -127.6,  or 

0.7  +  2.44  Log  [exp  (-  7Z2)],  dB  re:  1  psf,  or 


where 


Ppk  (psf) 

Oy 


=  1.08  exp  (-j{(X/CTx)2  +  (Y/oy)2])0.i22f  psf 

=  11.1  miles  and  1 8.9  miles  respectively. 


(3-4) 
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RELATIVE  PRESSURE 


a)  [  0.5  Hz  Mic/  2  Hz  Amp.  ] 


Figure  3-3.  Computed  C-Weighted  Response  of  Sound  Level  Meter  with  Cut-Off 
Frequency  of  0.5  Hz  and  2  Hz  for  the  Microphone  and  Pre- Amplifier 
Respectively  to  0.2  Second  N-Wave.  Dashed  line  shows  ideal  N-wave 
(the  SEL  is  a  C-weighted  value  for  an  N-wave  with  a  peak  pressure  of  1 
pPa  corresponding  to  a  peak  sound  pressure  level  of  94.0  dB  re  20  pPa). 
(From  Sutherland,  1985.) 
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It  is  also  desirable  to  compare  this  expression,  derived  from  the  mathematically 
smoothed  fit  to  the  measured  spatial  variation  in  long  time  energy  average  peak  sound 
pressures,  with  the  spatial  variations  in  the  raw,  unsmoothed  measured  values  from  each 
measurement  point  for  the  WSMR  test.  The  most  convenient  way  to  evaluate  this  spatial 
relationship  in  the  measured  data  is  to  define  the  variation  in  the  measured  peak  pressure  as  a 
function  of  a  single  distance  variable  identified  here  as  an  "elliptical  radius"  r  illustrated  in  the 
following  sketch. 


X  axis 


r=[(Xb/a)2  +  Y-]1/2 


This  dimension  r  can  be  defined  in  terms  of  the  basic  equation  for  an  ellipse  which  describes 
the  shapes  shown  earlier  in  Figure  3-2.  This  equation  can  be  expressed  in  two  alternate  forms 
as  (Eshbach,  1952): 


(X/a)2  +  (Y/b)2  =  1  (3-5a) 

or  (X/b)2  (b/a  )2  +  (Y/b)2  =  1  (3-5b) 

where  2a  and  2b  are  the  lengths  of  the  minor  and  major  "diameters"  of  the  ellipse  respectively. 

Now,  if  the  dimension  X  is  transformed  to  X'  =  X/(a/b),  then  Eq.  (3-4b)  can  be 
expressed  in  the  usual  form  for  the  equation  of  a  circle  as: 

(X’/b)2  +  (Y/b)2  =  1  (3-6a) 

or  X*2  +  Y2  =  b2  =  r2  (3-6b) 
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where  r  can  be  considered  to  be  the  constant  radius  of  an  ellipse  that  is  transformed  into  a 
circle  with  the  transformed  coordinate  X'  and  the  unmodified  coordinate  Y.  For  a  constant 
value  of  this  radius  r  =  Vx'2  +  Y2,  the  contour  parameters  in  the  elliptical  pattern  (i.e.,  the 
value  of  DNCL  or  n)  are  constant.  This  makes  it  possible,  then,  to  examine  the  variation  in  the 
peak  pressure  of  the  sonic  booms  in  terms  of  just  one  spatial  variable  -  the  elliptical  radius  r. 
Table  3-1  lists  the  summary  data  from  the  WSMR  tests  at  each  monitor  station  and  defines  the 
coordinates  X,Y  the  transformed  coordinate  X'  and  the  "elliptical"  radius  r  for  each  measure¬ 
ment  point  as  well  as  the  long  time  arithmetic  average  and  maximum  peak  pressure  and  DNCL. 

Before  the  smoothed  and  raw  measured  values  of  the  peak  pressures  can  be  compared, 
it  is  first  necessary  to  convert  both  to  the  same  statistical  base.  The  smooth  values  (from 
Eq.  (3-4)  represent  an  energy  average  as  required  for  computation  of  DNCL  while  the  raw 
measured  values  represent  an  arithmetic  average  of  the  data.  What  is  desired  is  the  log  mean 
value,  which  differs  from  the  other  two.  The  log  mean  is  necessary  to  employ  in  this  report  for 
the  statistical  damage  prediction  model  outlined  in  Section  2  for  the  case  where  the  excitation 
(i.e.,  peak  pressure)  has  a  log-normal  distribution.  For  a  quantity  Y'  that  has  such  a 
distribution,  which  is  the  case  here,  the  ratio  between  the  energy  mean  value,  call  it  <Y’>,  and 
log  mean  value,  call  it  Y’l,  and  between  the  arithmetical  mean  value  Y'm  and  the  log  mean 
value  Y’l  varies  with  the  standard  deviation,  <Jl,  of  the  log  of  Y'  in  the  manner  shown  in 
Figure  3-4. 


The  values  in  Figure  3-4  were  computed  numerically  for  an  arbitrary  log-normal 
distribution  of  Y  using  the  expressions: 


Energy  Mean  of  Y',  <Y’>  =  [( 1/N)  £  Y  j  ] 

Arithmetic  Mean  of  Y',  Y'm  = 

Log  Mean  of  Y’,  Y’l  = 

Probability  density  for  Y'i  = 


,2i  1/2 


(3-7a) 

[(1/N)  I  Y’i]  (3-7b) 

1.0  (3-7c) 

[1/OL-V^c  1  •  exp[4(Log(Y’)/aL)2]  (3-7d) 


where  it  is  assumed  for  simplicity  that  the  mean  of  Log  Y'  is  0  (i.e.,  the  log  mean  of  Y’  is  1). 


As  indicated  by  Figure  3-4,  the  ratios  <Y'>/Y'l  and  Y’m/Y’L  increase  at  different  rates, 
with  increasing  values  of  the  standard  deviation  cl-  As  will  be  shown  shortly,  the  peak 
pressures  for  the  WSMR  data  did  indeed  have  a  log-normal  distribution  and  the  standard 
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Table  3-1 


Summary  of  WSMR  Measurements  and  Coordinates  of  Measurement  Points  in  Terms  of 
Actual  (X, Y)  and  Transformed  (X',  Y  and  R)  Coordinates  Which  Define  the  Ellipse 
Describing  the  Spatial  Variation  in  Peak  Pressure  (Data  from  p!wixin.  .u-,  1989) 


a) 

Coordinates . 

Radius  R, 

Site 

X 

Y  (2) 

X'(3) 

Equivalent 

CDNL 

AVG  Ppk 

MAX  Ppk 

No. 

(Miles) 

(Miles) 

(Miles) 

Circle 

(dB) 

(psf) 

(psf) 

-14.7 

18.5 

-24.6 

30.8 

45.6 

0.49 

2.61 

-7.6 

9.0 

-12.7 

15.6 

47.0 

0.59 

4.42 

-10.2 

1.2 

-17.1 

17.1 

48.6 

0.64 

2.62 

-6.7 

23.3 

-11.1 

25.8 

46.3 

0.65 

3  69 

6.2 

32.3 

10.3 

33.9 

40.4 

0.64 

1.59 

8 

11.9 

26.1 

19.9 

32.8 

53.2 

0.60 

4.42 

9 

7.6 

12.3 

12.7 

17.7 

51.4 

0.72 

4.22 

10 

5.7 

6.7 

9.5 

11.6 

50.4 

0.74 

3.94 

11 

•  -15.2 

-1.0 

-25.4 

25.5 

46.6 

0.63 

2.60 

12 

-10.7 

-5.7 

-17.9 

18.8 

40.5 

0.56 

1.40 

13 

-4.8 

-3.3 

-7.9 

8.6 

52.7 

0.95 

5.25 

14 

0.5 

-1.4 

0.8 

1.6 

55.2 

1.19 

6.67 

15 

-10.0 

-10.5 

19.7 

52.4 

1.01 

4.41 

17 

1.4 

-6.7 

WBM 

7.1 

55.8 

0.70 

5.25 

18 

-10.9 

-19.5 

-18.3 

26.7 

48.4 

0.80 

3.76 

19 

-7.6 

-16.2 

-12.7 

20.6 

51.3 

0.89 

6.61 

20 

-2.4 

-12.8 

-4.0 

13.4 

49.1 

0.70 

2.79 

21 

4.3 

-12.8 

7.2 

14.7 

52.2 

0.96 

3.05 

22 

-5.5 

-21.6 

-9.1 

23.5 

50.0 

0.68 

2.72 

23 

0.5 

-18.1 

18.1 

52.4 

0.92 

4.26 

24 

6.7 

-18.5 

11.1 

21.6 

57.9 

0.64 

1.86 

25 

-7.4 

-26.1 

-12.3 

28.9 

42.9 

0.65 

3.13 

26 

-2.6 

-28.5 

-4.4 

28.8 

44.5 

0.55 

2.79 

27 

0.5 

-25.9 

25.9 

54.6 

0.59 

5.89 

28 

-2.1 

-33.3 

-3.6 

33.4 

38.3 

0.55 

2.21 

I  29 

1.4 

-30.9 

2.4 

31.0 

45.9 

0.65 

3.41 

30 

-6.2 

-35.6 

-10.3 

37.1 

41.9 

0.42 

2.24 

31 

9.0 

6.7 

15.1 

16.5 

38.7 

0.51 

1.30 

j  32 

7.1 

-5.7 

11.9 

13.2 

50.4 

0.72 

5.12 

33 

8.8 

-11.4 

14.7 

18.6 

43.3 

0.62 

1.97 

34 

20.4 

-11.9 

34.2 

36.2 

41.7 

0.51 

1.76 

35 

11.4 

-23.3 

19.1 

30.1 

45.3 

0.53 

2.88 

36 

23.8 

-19.5 

39.7 

44.3 

37.6 

0.52 

0.99 

37 

12.3 

-28.0 

20.7 

34.8 

36.6 

0.45 

0.99 

38 

28.0 

-27.1 

46.9 

54.2 

35.8 

0.39 

1.09 

W  Origin  located  3.6  miles  south  and  3.0  miles  west  of  center  of  range. 
®  Y  axis  rotated  15.4  degrees  clockwise  from  true  north. 

(3)  X'  =  X  •  (major  cord/minor  cord). 
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Peak  Pressure,  psf  L  or  Y'„,/Y'i 


^•O n  0f  ^oqi^r)  m  0 


r,  Elliptical  Radius,  miles 


Figure  3-5.  Comparison  of  Measured  (=)  and  Predicted  (-)  Long  Time  Average  Peak 
Pressures  (Adjusted  to  Log  Mean  Values)  as  a  Function  of  the  Elliptical 
Radius  (from  WSMR  data.  Plotkin,  et  al,  1989). 


deviation  of  this  distribution  corresponded  to  a  value  for  c?l  of  about  0.35  (equivalent  to 
7  dB). 


For  a  value  of  aL  of  0.35,  the  ratios  <Y'>/Y’l,  and  YWY’l  are  1.915  and  1.384 
respectively.  Thus,  the  long  time  energy  average  peak  pressure  predicted  by  Eq.  (3-4)  was 
converted  to  a  predicted  log  mean  by  multiplying  Eq.  (3-4)  by  (1/1.915)  to  give  the  desired 
expression  for  the  predicted  spatial  variation  in  the  long  time  log  mean  value  of  peak  pressure 
under  an  ACM  area,  identified  here  as  the  nominal  value  P0: 

P0  =  0.56  exp  (-l/2[(X/ax)2  +  (Y/ay)2])0-122,  psf  (3-8) 

where  Cx  and  Oy  equal  11.1  and  18.9  miles  respectively. 

Correspondingly,  the  measured  (arithmetic  mean)  long  time  arithmetic  average  peak 
pressures  from  Table  3-1  were  multiplied  by  (1/1.384)  to  convert  these  data  to  the  same  log 
mean  basis. 

Figure  3-5  shows  the  relationship  between  the  long  time  log  mean  peak  pressure  and 
the  elliptical  radius  r"  based  on  the  new  Eq.  (3-8)  and  the  raw  measured  WSMR  data  listed  in 
Table  3-1  after  incorporating  the  above  cotTection.  The  radius  r  is  equal  to  V(X/0.6)2  +  Y2 
and  X,Y  are  the  true  coordinates  of  the  measurement  points  along  the  minor  and  major  axes 
respectively  of  the  SOA  ellipse  and  the  constant  0.6  is  the  approximate  average  ratio  of  ax  to  ay 
and  CTxr  to  Cy’  for  the  "DNCL"  and  "n"  ellipses  in  Figure  3-2  (see  Eq.  (3-5).  While  there  is 
considerable  scatter  in  the  measured  data  about  the  prediction  line  of  Eq.  (3-8),  the  agreement  is 
quite  sufficient  to  demonstrate  the  basic  validity  of  Eq.  (3-8). 

The  standard  deviation  <tl(P o)  of  the  log  of  the  long  time  average  or  nominal  peak 
pressure  data  about  the  prediction  line  of  Eq.  (3-8)  corresponds  to  a  standard  deviation  in 
sound  level  of  1.67  dB.  While  other  simpler  forms  of  the  relationship  expressed  by  Eq.  (3-8) 
between  the  nominal  peak  pressure  and  the  elliptical  radius  r  were  possible,  Eq.  (3-8)  was  the 
preferred  form  due  to  the  implicit  interrelationship  between  the  "DNCL"  and  ”n”  ellipses 
derived  from  Eqs.  (3-1)  and  (3-2). 

3-1-3  Mptfel  fgr  Statistical  Variation  of  Sonic  Boom  Peak  Pressures  in  WSMR  SOA 

Eq.  (3-8)  establishes,  for  computational  purposes,  a  model  for  a  small  but  systematic 
spatial  pattern  for  the  otherwise  random  variation  in  the  long  time  average  or  nominal  peak 
pressure  P0  of  sonic  booms  within  an  SOA.  The  remaining  variation  in  peak  pressure  for  any 
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one  single  sonic  boom  anywhere  within  the  SOA  needs  to  be  defined.  To  establish  a  reliable 
estimate  of  the  standard  deviation  of  the  log  of  Pf/Po  for  any  one  sonic  boom,  it  is  assumed  that 
the  distribution  of  these  peak  pressures  is  made  up  of  the  combined  effect  of: 

•  the  spatial  pattern  in  long  time  average  peak  pressures  at  any  position  that  is 
predicted  by  Eq.  (3-8) 

•  the  random  deviation  in  individual  long  time  average  peak  pressures  at  any 
position  from  the  spatial  variation  of  Eq.  (3-8),  and 

•  the  residual  random  variance  due  to  weather  and  aircraft  speed  and  altitude 
deviations  about  long  time  averages. 

This  final  source  of  variation  could  be  expected  to  have  a  statistical  variation,  due  primarily  to 
weather,  no  less  than  the  variation  that  has  been  observed  in  the  past  from  controlled  sonic 
boom  tests  (Maglieri,  et  ah,  1969).  However,  for  ACM  operations,  variations  in  aircraft  speed 
and  altitude  should  be  much  greater  than  for  these  controlled  flight  tests  so  that  the  overall 
variation  in  sonic  boom  pressures  would  also  be  greater.  This  is  borne  out  by  the  cumulative 
probability  distribution  data  in  Figures  3-6  and  3-7.  Figure  3-6  shows  the  distribution  of  the 
actual  free  field  peak  pressure  Pf  relative  to  the  long  term  mean  value  at  each  measurement  site 
(taken  here  to  be  the  same  as  the  nominal  peak  pressure  P0)  for  the  controlled  supersonic  flight 
tests  over  Oklahoma  City  (Hilton,  et  ah,  1964)  and  similar  distribution  data  from  the  earlier 
ACM  sonic  boom  monitoring  test  in  the  Reserve  SOA  (Brown,  et  ah,  1985).  For  the 
Oklahoma  City  tests,  the  distribution  is  shown  for  three  measurement  points  at  0,  5  and  10 
miles  to  the  side  of  the  nominal  flight  track  for  one  aircraft  type.  (The  results  were  essentially 
the  same  for  the  other  aircraft.)  The  Reserve  SOA  data  represent  the  distribution  of  the  CSEL, 
again  relative  to  the  long  time  average  value  at  each  monitor  position,  for  all  of  the  54  boom- 
site  records  at  17  monitor  positions.  As  explained  earlier,  CSEL  correlates  well  with  peak 
pressures  for  sonic  booms.  Similar  distribution  data  measured  for  more  precisely  controlled 
tests  at  Edward  AFB  on  weather  effects  on  sonic  boom  signatures  had  slightly  smaller  standard 
deviations  as  shown  in  Figure  3-6  (Maglieri,  et  al.,  1969). 

In  all  cases,  the  distributions  of  the  values  of  Pf/P0  (or  the  equivalent)  are 
approximately  log-normal  over  most  of  the  range  of  variation,  especially  over  the  upper  part 
where  Pf/P0  is  greater  than  1.  The  approximate  log-normal  distributions  for  these  data 
correspond  to  standard  deviations  OL(Pf/Po)  of  the  log  of  the  relative  peak  pressure  as  listed  in 
Table  3-2.  (20  times  this  standard  deviation  is  the  equivalent  value  in  decibels.) 
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Oklahoma  City  Data  0) 


0  miles  -  sideline 


‘  5  miles 
■  10  miles 


Reserve  SOA  Data  £) 


0>  Pf/Po 

(2)  io(CSEL  -  CSEE)/20 

CSHL  is  the  mean  CSEL 
at  each  of  the  17  monitor 


Pf/Po  or  10  (CSEL  -  CSEL  )/20 

Figure  3-5.  Cumulative  Probability  Distribution  of  Relative  Peak  Sonic  Boom 
Pressures  from  Oklahoma  City  Test  for  Airplane  A  (Hilton,  et  ai.,  1964) 
and  Relative  C-Weighted  Sound  Exposure  from  Reserve  SOA  Test 
(Brown,  et  al.,  1985). 


Cumulative  Probability, 


q  On  track 

O  13  miles  lateral  distance 


0  ^ 


•  124  data  points  June  66 
O  447  data  points  Nov.  66  -  Jan.  67 
□  224  data  points 


Pf/Po 


Figure  3-7.  Cumulative  Probability  Distribution  of  Ratios  of  Measured  to  Long  Time 
Average  Overpressures  for  the  XB-70  Aircraft  for  Measuring  Stations  on 
the  Track  and  at  a  Lateral  Distance  of  13  Miles  (Based  on  Maglieri,  et  al.. 


Table  3-2 


Standard  Deviations  of  Log-Normal  Distribution  of  Sonic  Boom  Peak  Pressures 
from  Controlled  and  ACM  Supersonic  Flights 


Sideline 

Location 

ct(Pf/Po) 

20-OL(Pf/Po) 

Controlled 

Oklahoma  City 

0  miles 

0.114 

2.28  dB 

5  miles 

0.139 

2.78  dB 

10  miles 

0.172 

3.44  dB 

Controlled 

Edwards  AFB 

(winter) 

0 

0.053 

1.06  dB  (winter) 

(summer) 

0 

0.068 

1.36  dB  (summer) 

(winter) 

13 

0.087 

1.74  dB 

ACM 

Reserve  SOA 

All  17 
monitors 

0.40 

8.0  dB 

The  comparable  distribution  for  individual  values  of  Pf  relative  to  their  long  term  average  P0  at 
each  site  was  not  available  for  the  WSMR  data.  However,  the  distribution  of  the  actual  peak 
pressure  Pf  for  all  506  sonic  booms  measured  on  all  the  35  monitors,  taken  as  a  whole,  is 
shown  in  Figure  3-8.  Again,  the  distribution  is  clearly  log-normal.  The  standard  deviation  of 
the  log  of  Pf  is  0.369  corresponding  to  a  standard  deviation  in  sound  level  of  20  x  0.369  = 
7.38  dB,  slightly  less  than  the  value  of  8  dB  found  for  the  Reserve  data.  However,  the  latter 
involved  only  13  sonic  booms,  so  the  reliability  of  the  8  dB  value  is  poor. 

The  variance  of  the  log  of  the  average  peak  sound  pressure  computed  according  to  Eq. 
(3-8)  over  all  35  measurement  points  is  (.0437)2  =  .0019.  This  represents  the  variance  (i.e., 
the  square  of  the  standard  deviation)  for  the  first  component  of  variation  cited  above  and 
corresponds  to  a  standard  deviation  (in  decibels)  of  20  x  0.044  =  0.9  dB.  If  this  variance  is 
subtracted  from  the  total  variance  for  all  506  of  the  WSMR  peak  pressure  data  points  (7.38 
dB),  the  remainder  should  be  approximately  equal  to  the  second  and  third  components  of 
variance  combined  which  establishes  that  part  of  the  total  variance  in  peak  sound  pressures 
which  is  random  and  which  can  be  applied  to  the  statistical  damage  prediction  model. 

Carrying  out  this  analysis,  the  standard  deviation  at(Pf)  of  the  log  of  the  peak  sound 
pressures  at  each  position  about  the  log  mean  value  predicted  by  Eq.  (3-8)  is  estimated  to  be: 

OL(Pf)  =  V [(7.38)2-  (0.9)2]  /20  =  0.366  (3-9) 

To  summarize  for  SOAs,  the  spatial  variation  in  the  nominal  (long  time  log  mean)  sonic  boom 
peak  pressure  P0  due  to  ACM  activity  is  defined  by  Eq.  (3-8).  The  standard  deviation  of  the 
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Figure  3-8.  Cumulative  Probability  Distribution  of  Pooled  Data  of  Individual  Values  of  Peak 
Overpressures  from  WSMR  Test  (Based  on  Plotkin,  et  al„  1989b). 


log  of  this  nominal  peak  pressure  is  estimated  to  be  0.366,  corresponding  to  7.32  dB. 
Finally,  Eq.  (3-2)  defines  the  estimated  number  of  sonic  booms  per  day  which  reach  the 
ground  at  any  position  within  an  SOA.  Now,  before  considering  other  types  of  supersonic 
flight  activity,  briefly  consider  possible  variations  in  the  above  ACM  model  for  other  SOAs. 

3.1.4  Possible  Variations  in  ACM  Model  for  Other  SOAs 

Centered  inside  the  elliptically-shaped  maneuvering  area  of  an  SOA,  typically  about  35 
by  60  miles,  the  end  or  set  points  for  aerial  combat  are  typically  separated  by  about  30  to  50 
miles  along  the  major  axis  of  the  SOA  ellipse  (Plotkin,  et  al.,  1989).  Thus,  for  any  other  SOA, 
once  this  engagement  line  and  the  set  points  are  known,  the  orientation  and  position  of  the 
elliptical  noise  patterns  can  be  established.  However,  the  supersonic  operating  area  or 
maneuvering  area  within  the  SOA  is  itself  an  ellipse  identified  for  convenience  here  as  the  SOA 
ellipse  whose  size  and  shape  is  approximately  constant  (for  current  aircraft  flight  technology) 
and  independent  of  the  number  of  sorties  per  day  carried  out  in  it.  The  engagement  line 
becomes  the  major  axis  of  the  SOA  ellipse,  the  middle  of  the  ellipse  is  the  middle  of  the 
engagement  line,  and  the  eccentricity  parameter,  e,  can  be  assumed  to  be  the  value  derived  from 
the  noise  analysis.  From  Eq.  (3-1)  and  Eq.  (3-2),  the  average  value  of  e  is  taken  to  be  equal 
to  approximately  0.8. 

The  length  (b)  of  the  major  axis  of  this  SOA  ellipse  can  be  conservatively  assumed  to 
be  60  miles,  the  larger  dimension  of  the  35  to  60  mile  supersonic  operating  area.  Thus,  a  basic 
equation  for  this  SOA  ellipse  of  constant  size  is,  from  Eq.  (3-6b): 

X2/ (0.6)2  +  Y2  =  (60)2  mi2  (3-10) 

where  X  and  Y  are  the  true  distances  in  miles  relative  to  the  center  of  the  ellipse,  normal  to,  and 
along  the  major  axis,  respectively. 

It  is  reasonable  to  expect  that  this  SOA  ellipse  would  change  size  slightly  from  one 
SOA  to  another  due  to  variations  in  natural  geography  (i.e.,  location  of  visual  check  points  or 
terrain)  under  the  SOA  and  variations  in  the  dominant  type  of  aircraft  and/or  their  flight 
procedures.  Any  such  scaling  of  the  size  of  the  SOA  ellipse  would  be  expected  to  be  relatively 
small  but  would  be  accompanied  by  a  corresponding  change  in  the  size  of  the  DNCL  or  n 
(booms  per  day)  ellipses. 
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For  example,  based  on  the  data  and  analysis  procedures  in  Galloway,  1983,  the  long 
time  average  CSEL  at  the  center  of  the  ellipse  is  predicted  to  be  as  indicated  in  Table  3-3  for 
several  different  aircraft  operating  out  of  Luke  AFB  or  Nellis  AFB. 

While  based  on  application  of  a  carpet  boom  (i.e.,  straight  and  level  flight)  prediction 
model  for  sonic  booms  in  ACM  areas,  these  data  could  be  used  as  one  basis  for  a  rough 
approximation  of  the  relative  change  in  the  parameters  indicated  by  the  WSMR  model  had  these 
same  data  been  obtained  at  the  other  bases.  In  other  words,  the  changes  in  number  of  booms 
per  day  and  long  time  average  CSELq  at  the  center  of  the  ellipse  relative  to  the  values  measured 
for  the  F-15  dominated  operations  at  WSMR  could  provide  a  first  estimate  for  these  adjusted 
values.  For  example,  the  average  CSELq  in  Table  3-3  is  99.6  dB,  which  is  about  1  dB  lower 
than  the  value  derived  for  the  41  F-15  tracks  evaluated  for  Luke.  Thus,  a  first  estimate  for  an 
average  CSELq  applicable  to  ACM  operations  at  SOAs  near  the  above  bases  (and  possibly  all 
other  similar  SOAs)  would  be  the  value  from  the  WSMR  study  (103.6  dB)  minus  1  dB,  or 
102.6  dB,  a  very  small  change  in  a  baseline  number  for  maximum  long  time  average  single 
event  levels  in  SOAs.  This  1  dB  reduction  in  CSELq  would  correspond  to  a  small  decrease  in 
the  maximum  log  mean  peak  pressure  at  the  center  of  the  ellipse  from  0.57  psf,  as  indicated  by 
Eq.  (3-8),  to  0.48  psf  -  a  relatively  insignificant  change.  The  standard  deviation  of  this 
estimated  change  in  peak  pressures  could  be  taken  to  be  the  same  as  the  standard  deviation  in 
Table  3-3,  i.e.,  2.5  dB.  (Note  that  according  to  the  last  column  of  the  above  table,  the 
estimated  maximum  long  time  average  DNCL  at  the  center  of  the  noise  ellipse  would  be  about 
63  dB  for  F-15  aircraft.  This  is  about  11  dB  higher  than  the  experimentally-based  average 
value  from  Eqs.  (3-1).) 

In  the  absence  of  more  detailed  measured  sonic  boom  data  on  other  SOAs,  these 
concepts  must  remain  as  conjecture,  so  that  for  this  report,  Eqs.  (3-2)  and  (3-8)  are  taken  as 
givens  for  any  SOA.  However,  the  standard  deviation  of  2.5  dB  indicated  by  the  data  in  Table 
3-3  could  be  used  as  a  basis  for  the  minimum  uncertainty  in  CSEL0,  or  the  corresponding 
nominal  peak  overpressure  F0  at  the  center  of  SOAs  to  account  to  a  first  approximation  for 
different  aircraft  and  different  types  of  operations  that  were  not  included  in  the  WSMR  data. 

3.2  Sonic  Boom  Pressures  for  Other  Types  of  Supersonic  Flight  Activity 

For  the  other  two  types  of  supersonic  flight  activity  identified  at  the  beginning  of  this 
section  (supersonic  corridor  flights  and  low  altitude  flights),  general  models  for  the  spatial 
pattern  of  the  flight  tracks  are  not  practical  at  this  point.  Therefore,  data  are  presented  in  this 
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Table  3-3 

Predicted  Long  Time  Average  CSELo  and  DNCLo  at  the  Center 
of  the  ACM  Noise  Ellipse  According  to  the  Flight  Track  Data 
and  Noise  Estimation  Procedures  in  Galloway,  1983 


Aircraft 

Base 

No. 

Tracks 

Evaluated 

n. 

No.  Booms 
per 
Sortie 

(1) 

CSELo 

dB(C) 

(2) 

DNCLo 

dB(C) 

F-4 

Nellis 

6 

LI 

102.0 

65.2 

it 

Luke 

8 

3.1 

99.5 

62.7 

F-5 

Luke 

20 

0.7 

98.0 

61.2 

F-14 

Luke 

3 

0.4 

103.2 

66.4 

F-15 

Nellis 

6 

100.0 

63.2 

it 

Luke 

41 

0.8 

100.3 

63.5 

F-16 

Nellis 

6 

1.1 

98.9 

62.1 

if 

Luke 

6 

0.6 

95.0 

58.2 

Avg.: 

1.08 

99.6 

62.8 

Std.  Deviation: 

2.5 

2.5 

(1)  CSELo  =  Space  average  rms  carpet  boom  CSEL 

+  10  Log  [rms  carpet  area,  mi2/maneuvering  area,  1866  mi2] 

+  2.2,  dB(C)  (per  Galloway,  1983) 

(2)  DNCLo  =  CSELo  +  10  Log  (n)  -  49.4,  dB  where  n  is  number  of  booms/day  for  18 

sorties  per  day  (average- for  WSMR) 
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section  which  only  attempt  to  define  for  such  flights  representative  sonic  boom  peak  pressures, 
the  range  of  durations  of  the  pressure  waveform,  and  estimates  of  the  approximate  statistical 
variation  in  the  peak  pressures. 

3.2.1  Sonic  Boom  Environments  Under  Level  Flight  Supersonic  Corridors  at  Varvine 
Altitudes 


Current  supersonic  flight  training  and  flight  testing  can  involve  operations  consisting 
primarily  of  straight  and  level  flight  at  moderate  to  high  altitudes,  usually  above  5000  ft. 
(Plotkin,  1985b).  As  indicated  by  the  bibliography  in  Appendix  A,  the  literature  applicable  to 
sonic  boom  environments  for  this  type  of  operation  is  very  extensive.  Particularly  useful 
summaries  are  contained  in  Hubbard,  et  al.,  1986  and  Runyan  and  Kane,  1970.  The  following 
brief  discussion  is  only  intended  to  help  provide  some  understanding  of  the  key  variables 
which  affect  the  peak  overpressure  and  duration  of  a  sonic  boom  (Plotkin,  1989a).  Detailed 
computations  of  carpet  boom  overpressures  and  spatial  distribution  can  be  carried  out  manually 
(Carlson,  1978)  or  by  a  simple  computer  model  called  PCBOOM  (Bishop,  1988). 


At  altitudes  above  about  5000  ft,  a  highly  simplified  version  of  a  well  known  model 
(Carlson,  1978)  for  the  nominal  peak  overpressure  PQ  for  straight  and  level  flight  can  be 
expressed  in  the  form: 

P0  =  Ka(M2-  1)1/8  (L/H)3/4-ks  (3-11) 

where  Ka  is  an  atmosphere-dependent  variable  which  varies  with  the  altitude  of  the 
aircraft,  the  pressure/temperature  profile  of  the  atmosphere,  and  to  a  minor 
degree  with  Mach  number 

M  is  the  aircraft  Mach  number 


L  is  the  aircraft  length 

H  is  the  effective  altitude  (equivalent  to  the  actual  altitude  for  an  observer  directly 
under  the  flight  track) 

and  ks  is  a  shape  factor  dependent  on  the  geometry  of  the  aircraft 


Thus,  for  a  given  aircraft  (constant  length  L  and  shape  factor  Ks)  and  atmospheric  model  (fixed 
relationship  between  Ka  and  altitude),  the  dominant  variable  which  controls  the  magnitude  of 
the  sonic  boom  peak  pressure  observed  directly  under  the  flight  track  is  the  aircraft  altitude. 
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This  is  borne  out  by  the  trend  with  altitude  in  the  measured  and  predicted  sonic  boom  peak 
pressures  shown  in  Figure  3-9  for  the  case  of  a  large  supersonic  aircraft  flying  at  high  altitudes 
(Carlson,  1964).  The  peak  overpressures  vary  from  about  1  to  3  psf  for  flights  in  the  altitude 
range  of  30,000  to  75,000  ft.  The  influence  of  changes  in  aircraft  speed  on  this  peak  pressure 
is  small  as  indicated  by  the  second  term  in  Eq.  (3-11). 

For  straight  and  level  flight  at  high  altitudes,  the  sonic  boom  created  on  the  ground 
usually  has  the  classic  time  history  approximating  that  of  an  N-wave  with  a  duration  typically 
in  the  range  of  0.2  to  0.5  seconds  depending  on  the  aircraft  length,  speed  and  altitude  (Carlson, 
1978).  In  any  event,  this  duration  is  much  greater  than  the  duration  observed  for  low  altitude 
supersonic  flights  which  is  simply: 

T0  =  (aircraft  length  )/(aircraft  speed) 

For  such  low  altitude  flights  at  a  uniform  speed  on  a  level  flight  track,  the  time  history  of  the 
sonic  boom  has  a  much  more  complex  shape  as  illustrated  by  the  actual  measurements  in 
Figure  3-10a  (Nixon,  et  al.,  1968;  Maglieri,  et  al.,  1966).  Each  of  the  multiple  jumps  in  the 
pressure  time  history  is  associated  with  shock  waves  radiated  by  different  parts  of  the  aircraft. 

For  supersonic  flight  at  such  low  altitudes,  Eq.  (3-11)  overpredicts  the  peak  sonic 
boom  pressure  by  as  much  as  a  factor  of  about  1.7  at  an  altitude  of  100  ft.  However,  as 
shown  in  Figure  3- 10b,  a  simple  analytical  model  makes  it  possible  to  accurately  predict  the 
effective  peak  pressure  of  an  equivalent  N-wave  with  the  same  peak  pressure  as  the  complex 
waveform  actually  present  (Plotkin,  1989b).  This  figure  shows,  a  comparison  between 
theoretical  prediction  models  for  sonic  boom  peak  pressures  for  altitudes  in  the  range  of  100  to 
20,000  ft  for  a  representative  case  of  an  F-4  aircraft  at  Mach  1.22.  A  single  data  point  shown 
on  the  figure  corresponds  to  the  actual  measurements  of  Figure  3- 10a.  For  these  lower 
altitudes,  the  peak  overpressures  vary  from  about  3  psf  for  flight  at  20,000  feet  to  over  100  psf 
for  flight  directly  overhead  at  100  ft 

The  variation  of  the  sonic  boom  peak  pressure  to  each  side  of  a  supersonic  flight  track 
has  the  general  pattern  illustrated  in  Figure  3-11  for  different  altitude  ranges  (Maglieri,  et  al., 
1966;  1967b).  On  each  side  of  the  ground  track  under  a  supersonic  flight,  the  sonic  boom 
propagation  through  the  atmosphere  reaches  a  so-called  lateral  cut-off  point  where  refraction 
prevents  the  boom  from  reaching  the  ground.  Near  this  position,  a  sonic  boom  tends  to  have  a 
more  rounded,  sinusoidal  time  history  and  will  be  less  likely  to  be  of  concern  from  the 
standpoint  of  potential  structural  damage. 
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.eory,  Using  Carlson's  Simplified  F-function 
:  146.2 


Flight  Test16 
^CE  =  1W"J 


Near-Field  Sonic  Boom  Time  History  for  F-4  at  100  ft,  M  =  1.22  (Nixon,  et  ai.,  1968) 


. . —  Full-Signature  Model 

- Carlson  Far- Field 

- Current  Model 

•  Flight  Test 
'  ^  (Figure  3- 10a) 

% 

\ 

XN 

V, 

\\ 

X 

(b)  Sonic  Boom  Pressures 


10,000 


Altitude,  Feet 


Figure  3-10.  Comparison  Between  Full-Signature  Boom  Model,  Carlson  Fax-Field  Model 
and  Current  Model  (from  Plotkin,  1989b). 


M  =  1.09-1.1 


L. 


Theory , 

M  =  1*07  -  1.15 


Lateral  distance,  miles 


Lateral  distance,  miles 


(a)  Altitude  range,  60  to  95  ft.  Fighter  Aircraft  A 


(b)  Altitude  range,  110  to  200  ft.  Fighter  Aircraft  A 


O  3-6  Mikes 
•  33-40  Mikes 


Theory, 
M  =  1.5 


>  Cut-off  due  to  refraction 


wSyel 


Lateral  distance  from  ground  track,  st. 
(d)  Altitude,  60,000  ft  -  XB-70  at  400,000  lbs 


Figure  3-11.  Lateral  Spread  of  Sonic  Boom  Carpet  Pattern  for  Very  Low  (a)  and  (b)  and 
High  (c)  and  (d)  Altitudes.  (Data  tor  (a)  and  (b)  from  Vlaglien,  et  al„  1966; 
data  for  (c)  and  (d)  from  Maglieri,  et  al.,  1967b). 
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Given  some  definition  of  the  expected  nominal  peak  overpressure  for  level  flight  at  a 
given  altitude  such  as  may  be  estimated  from  Figure  3-9  or  3- 10b,  the  statistical  variation  about 
this  nominal  pressure  may  be  estimated,  at  least  for  high  altitude  flights,  by  the  information 
shown  earlier  in  Figures  3-6  and  3-7  and  summarized  in  Table  3-2  in  Section  3.1.3.  Values 
for  the  standard  deviation  <?l  in  peak  overpressure  from  the  Oklahoma  City  tests  of  0.1 14, 
0.139  and  0.172  at  sideline  distances  of  0,  5  and  10  miles  respectively,  are  considered 
reasonable  for  purposes  of  this  report  as  representative  for  positions  directly  under  the  flight 
track  half  way  to  the  lateral  cut-off  point  and  about  0.8  of  the  way  to  the  lateral  cutoff  point  for 
any  level  flights  in  supersonic  corridors  at  any  altitude.  This  assumption  is  based  on  the 
observation  that  the  variation  in  sonic  boom  signatures  due  to  weather  is  influenced  primarily 
by  atmospheric  conditions  below  about  2000  ft.  (Maglieri,  1967b). 

3.2.2  Sonic  Booms  for  Flight  at  Low  Altitude  Not  Restricted  to  Steady  Flight 

Other  possible  scenarios  of  supersonic  flight  training  might  involve  non-uniform  flight 
at  low  altitudes  which  could  consist  of  a  mixture  of  short  level  flight  sections  initiated  and 
terminated  by  short  periods  of  acceleration  and  deceleration  respectively,  and/or  abbreviated 
maneuver  sections  (e.g.,  turns)  all  at  altitudes  from  about  100  to  1,000  ft  (Plotkin,  1989b). 

Table  3-4  lists  representative  predicted  peak  overpressures  for  P-1 1 1  and  F-15  aircraft 
for  level  flight  portions  (i.e.,  carpet  booms)  of  such  flights  showing  peak  overpressures 
ranging  from  just  under  2  psf  to  about  130  psf.  These  are  estimated  peak  pressures  in  the 
absence  of  amplification  by  focusing  due  to  maneuvers.  Such  focus  or  superbooms  would 
occur  for  the  flights  of  the  F-15  at  the  flight  altitudes  listed  but  would  not  occur  for  the  F-l  1 1 
flights  due  to  the  constraints  placed  on  turn  or  acceleration  rates  at  such  low  altitudes.  When 
such  superbooms  occur,  they  can  increase  the  peak  pressures  by  a  factor  of  2  to  5  times  within 
a  very  small  area  (Plotkin,  1985a).  Time  histories  of  the  sonic  boom  waveforms  for  such 
operations  can  be  expected  to  be  similar  to  those  observed  for  ACM  operations  to  be  discussed 
in  Section  3.4. 

For  purposes  of  assessing  potential  damage  to  unconventional  structures  under  such 
flights,  the  same  procedures  employed  for  ACM  and  level  flight  corridors  could  be  employed, 
giving  due  consideration  to  the  possibility  of  superbooms.  However,  the  latter  are  already 
included  in  the  statistical  spread  of  peak  pressure  for  ACM  operations  as  shown  earlier  in 
Figure  3-8.  In  any  event,  it  is  not  considered  feasible  at  this  point  to  attempt  a  detailed 
statistical  analysis  of  the  potential  for  damage  for  such  operations  in  the  absence  of  a  more 
definitive  scenario  of  flight  tracks  and  altitude  ranges. 
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Table  3-4 


Carpet  Boom  Characteristics  Estimated  for  a  Variety 
of  Low  Level  Supersonic  Flight  Operations  (from  Piotkin,  1989b) 


Aircraft 

Altitude, 
kfeet  AGL 

Mach 

Number 

Ppk,  psf 

Carpet 

Width, 

kfeet 

Forward 

Projection, 

kfeet 

Center 

Edge 

F-  111 

0.1 

1.05 

130 

33.3 

1.4 

0.3 

0.5 

1.05 

44.0 

10.5 

7.2 

1.6 

1.0 

1.05 

30.0 

6.8 

12.9 

3.1 

F-15 

5 

1.05 

7.2 

6.1 

7.4 

17.5 

e 

5 

1.4 

9.2 

4. 

29.2 

5.2 

10 

1.1 

4.3 

3.3 

21.7 

24.7 

10 

1.5 

5.4 

2.5 

52.1 

9.3 

15 

1.1 

3.1 

2.6 

22.1 

40.6 

15 

1.7 

4.0 

1.8 

75.4 

11.4 

20 

1.15 

2.4 

1.9 

37.2 

43.1 

20 

1.35 

3.1 

1.5 

97.2 

13.6 

25 

1.15 

1.9 

1.8 

31.5 

58.8 

25 

2.0 

2.5 

1.2 

117.0 

15.5 

30 

1.2 

1.6 

1.4 

46.7 

59.5 

30 

2.0 

2.0 

1.0 

129.2 

19.0 
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3.3  Correction  from  Free  Field  to  Effective  Pressure  on  Structure 


The  sonic  boom  peak  pressures  defined  in  the  preceding  secdons  were  pressures  in  the 
absence  of  any  reflecting  surfaces.  Two  adjustments  are  necessary  to  this  free  field  pressure  to 
establish  the  effective  sonic  boom  loading  on  an  actual  structure: 

•  change  in  effective  pressure  due  to  arrival  of  the  sonic  boom  at  angles  other  than 
normal  to  the  surface,  and 

•  increase  in  sonic  boom  pressure  at  the  surface  of  a  structure  facing  the  direction  of 
arrival  of  the  sonic  boom  wave. 

3.3.1  Correction  Due  to  Angle  of  Incidence  of  Sonic  Boom  Wave 

The  evaluation  of  orientation  effects  on  sonic  boom  sound  levels  near  a  structure 
(Hershey  and  Higgins,  1976)  provided  useful  information  that  is  assumed  to  be  applicable 
here.  Hershey  and  Higgins  found  that  the  log  of  the  ratio  for  the  peak  sonic  boom  sound 
pressure  Pe  measured  at  the  outside  surface  of  a  structure  and  the  free  field  sound  pressure  Pf 
could  be  approximated  by: 


Log  [Pe/Pf]  =  0.1427  cos(0)  -0.1258  (3-12) 

where  9  is  the  angle,  on  the  ground,  of  the  aircraft  flight  track  relative  to  a  line  perpendicular 
to  the  structural  surface. 

The  average  value  of  the  right  side  of  this  equation  for  9  varying  from  0'  to  360"  is 
about  -0.126,  equivalent  to  Pe/Pf  =  0.75.  Since  there  is  no  way  to  predict  the  orientation  angle 
for  the  general  case,  this  correction  is  included  in  the  ratio  of  effective  to  nominal  pressure  for 
all  cases  except  those  relating  to  seismic  excitation  of  the  ground.  The  variation  of  this 
correction  about  its  mean  value  was  estimated  from  the  range  of  the  value  of  Log  (Pe/Pf) 
according  to  Eq.  (3-12)  where  it  was  assumed  that  this  range  (-0.268  to  +0.017)  corresponded 
to  ±3  standard  deviations  so  that  the  standard  deviation  of  Log  (Pe/Pf)  was  assumed  to  be 
(0.268  +  0.017)/6,  or  0.0475. 

3.3.2  Effective  Acoustic  Pressure  on  Various  Types  of  Structure 

The  following  additional  adjustments  to  the  free  field  sonic  boom  pressures  are  required 
to  define  an  effective  pressure,  Pe,  to  account  for  the  pressure  doubling  effect  that  has  already 
been  included  in  the  measurement  and  specification  of  the  "free  field"  sonic  boom  pressures. 
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the  same  pressure  doubling  at  the  surface  of  an  infinite  rigid  wall  and  the  smaller  increase  in 
effective  acoustic  pressure  on  a  wall  with  a  large  open  window  or  a  free-standing  wall  with  no 
roof.  Both  of  these  latter  situations  are  likely  to  be  encountered  in  evaluating  potential  damage 
from  sonic  booms  on  historic  or  prehistoric  ruins.  Thus,  the  following  correction  to  the  free 
field  pressures  will  be  applied  in  all  cases. 

Effective  Sound  Pressure,  Pe  =  PpD  (3-13) 

where  Pf  =  free  field  sound  pressure  from  Eq.  (3-8) 

D  =  1  for  wall  and/or  roof  with  no  open  windows  (the  pressure  doubling  has 

already  been  included  in  Pf) 

D  =  0.63  for  wall  with  large  open  window(s)  or  large  opening  in  roof 

For  free-standing  wall  with  no  roof, 

D  =  D1  •  sin(f-H/600)  for  f-H  <  930  ft/s 

D  =  D1  for  f-H  >  930  ft/s 

and  D1  =  1  for  wall  with  no  windows  or  0.63  for  wall  with  wide  open  windows 

f  =  Fundamental  resonance  frequency  of  wall.  23  Hz  can  be  used  as  a  default 

value  for  a  typical  free-standing  wall  of  a  prehistoric  ruin  in  the  absence  of 
any  alternative  data  (Baths,  1988). 

H  =  Height  of  wall  in  feet 

The  above  adjustments  are  based  on  approximations  for  the  reduced  net  sonic  boom  pressure 
on  a  wall  with  a  large  aperture  (Wilson  and  Soraka,  1965)  or  on  an  unbaffled  obstacle 
(Sutherland,  1968b).  Note  that  the  factor  D  can  approach  0  for  low  walls  with  low  resonance 
frequencies  since  the  sonic  boom  pressure  wave  will  diffract  around  the  back  side  of  such  a 
wall  and  thus  reduce  the  effective  acoustic  loading  significantly. 

A  precise  evaluation  of  the  effective  sonic  boom  pressure  acting  on  a  surface  would 
include  the  consideration  of  other  factors  including  the  presence  of  nearby  reflecting  surfaces, 
the  height  of  the  structure  above  the  ground,  and  relative  rigidity  of  the  structural  surface. 
However,  extensive  experimental  evaluations  of  these  factors  during  extended  sonic  boom  test 
programs  (Wiggins,  1965;  Andrews,  et  al.,  1965)  indicate  that  they  usually  introduce  relatively 
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minor  variations  in  effective  loading  beyond  that  accounted  for  in  Figure  3-11.  They  will  not 
be  considered  in  this  report  since  the  major  source  of  variation  in  sonic  boom  pressure  is  due  to 
the  inherent  variability  of  ACM  operations.  These  are  the  primary  type  of  supersonic 
operations  of  concern  here. 

In  summary,  a  general  method  has  been  defined  for  estimating  sonic  boom  loads  from  a 
wide  range  of  supersonic  flight  operations.  For  ACM  operations,  the  method  involves  the  use 
of  Eq.  (3-8)  to  define  long  term  or  log  mean  sonic  boom  pressures,  and  to  define  sonic  boom 
peak  pressures  as  a  function  of  position  of  a  structure  relative  to  the  center  (on  the  ground)  of 
the  supersonic  operating  area.  For  other  types  of  supersonic  activity,  graphical  or  tabular  data 
provide  references  on  typical  sonic  boom  levels  that  may  be  encountered.  Eq.  (3-13)  defines  a 
correction  for  the  effective  incident  sonic  boom  pressure  for  these  free  field  models. 

Values  have  also  been  established  for  the  standard  deviation  of  the  log  of  this  pressure 
due  to  random  deviations  in  the  long  time  average  pressure  from  an  ideal  spatial  model  for 
ACM  operations,  random  deviations  of  the  pressure  due  to  weather  and  flight  procedures,  and 
random  deviations  due  to  angle  of  incidence  of  the  sonic  boom.  All  of  these  elements  will  be 
employed  in  the  process  utilized  for  estimating  the  probability  of  structural  damage  from  ACM 
operations. 

3.4  Time  Histories  and  Frequency  Spectra  for  Sonic  Booms 

Up  to  now,  the  evaluation  of  acoustic  loads  on  structure  has  focused  almost  entirely  on 
the  peak  sonic  boom  pressures.  This  will,  in  fact,  be  the  primary  variable  to  be  used  in  this 
report  for  defining  the  probability  of  damage  to  unconventional  structures.  The  effects  on 
structural  response  of  variations  in  the  temporal  patterns  and  corresponding  frequency 
spectrum  content  of  sonic  boom  waves  forms  are  briefly  considered  here.  However,  it  is 
important  to  point  out  that  for  estimating  damage  to  structures  under  ACM  areas,  the 
probability  of  damage  is  influenced  far  more  by  the  large  variability  in  the  peak  pressure,  as 
indicated  earlier  by  Figure  3-8,  than  by  variations  in  structural  response  for  the  same  peak 
pressure  due  to  variations  in  sonic  boom  waveforms  or  frequency  content  of  their  spectrum. 

3.4.1  Time  Histories  of  Sonic  Booms 

For  straight  and  level  supersonic  flight  at  high  altitudes,  generally  above  about  5000  ft, 
the  sonic  booms  generated  by  USAF  airplanes  are  dominated  by  a  relatively  simple  N-wave 
time  history  as  shown  in  Figure  3-12.  For  ACM  flight  operations,  the  sonic  booms  have  a 
much  wider  range  of  time  history  shapes.  This  complexity,  reflecting  the  interaction  of 
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Fig1  re  3-12.  Schematic  Diagrams  Showing  Relative  Frequency  of  Occurrence  of  Categories  of  1152 
Waveforms  Measured  at  Ground  Level  During  Sonic  Boom  Tests  on  Four  Airplanes 
(Adapted  from  Hilton,  et  al„  1964). 
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acceleration-generated  sonic  boom  focus  conditions  and  aircraft  altitude,  is  illustrated 
conceptually  in  Figure  3-13  by  the  ray  paths  of  the  sonic  boom  from  one  aircraft  at  two 
different  times  along  its  flight  path.  The  time  histories  of  the  sonic  booms  for  the  various 
combinations  of  amount  of  acceleration  and  aircraft  altitude  vary  from  the  classic  N-wave  to  U- 
waves  and  combinations  of  the  two  waveforms  -  the  so-called  superbooms  (Plotkin,  1989a). 
Not  shown  are  the  rounded  sinusoidal- shaped  patterns  for  the  weaker  sonic  booms  occurring 
beyond  the  lateral  cutoff  point  that  are  illustrated  in  Figure  3-12. 

3.4.2  Frequency  Spectra  of  Sonic  Booms 

It  will  be  shown  in  Section  4  that  the  frequency  spectra  of  time  histories  of  sonic  boom 
pressures  play  a  significant  role  in  defining  their  effective  dynamic  load  characteristics.  This 
spectral  content  is  conveniently  portrayed  in  terms  of  the  Energy  Spectral  Density  E(f)  (Kryter, 
et  al.,  1966)  or  the  related  measure,  the  Sound  Exposure  Spectral  Density  SE(f)  (Young, 
1986).  These  two  measures  of  spectral  content  at  any  frequency  f  of  a  transient  signal  are 
interrelated  by  the  absolute  value  of  the  Fourier  Spectra  IP(f)l  of  the  pressure  time  history  P(t) 
as  follows.  (For  simplicity,  the  usual  designation  of  a  complex  argument  (jf)  for  the  Fourier 
Spectrum  P(f)  is  omitted  here.  See  Appendix  C,l.) 

Energy  Spectral  Density,  E(f)  =  IP(f)l2  (3- 14a) 

Sound  Exposure  Spectral  Density  SE(f)  =  2!P(f)l2  =  2  E(f)  (3-  14b) 

T 

where  P(f)  =  j  P(t)  exp(-j27tft)  dt,  the  Fourier  Spectrum, 

o 

The  two  "density"  quantities  have  the  units  of  (pressure)2-(sec)2. 

For  evaluation  here,  it  is  convenient  to  plot  Sound  Exposure  Spectral  Density  in 
logarithmic  form  as  the  Sound  Exposure  Spectrum  Level,  Le(0  given  by: 

Le(0  =  10  Log  [SE(f)  /p20-to’Af],  dB  re:  (20^Pa)2  sec/Hz  (3-15) 

where  p0  is  the  reference  pressure  of  20|iPa, 

to  is  the  reference  time  of  1  second,  and 

Af  is  the  reference  bandwidth  of  1  Hz. 
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(a)  Small  Acceleration, 
Low  Altitude. 

"Focus  3elow  Ground" 


\  \ 
\\ 
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(c)  Small  Acceleration,  High  Altitude . 
"Focus  At  Ground" 


Figure  3-13.  Converging  Rays  for  Small 
Associated  Nominal  Sonic 


(b)  Large  Acceleration,  .\ 

Low  Altitude.  •  \  \ 

"Focus  At  Ground"  \  'V 

\  N 


id  Large  Acceleration.  Low  and  High  Altitude  and 
>om  Wave  Forms  (Adapted  from  Plotkin.  1984). 
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Figure  3- 14a  shows  the  Sound  Exposure  Spectrum  Level  for  an  ideal  1  psf  sonic  boom 
N-wave  and  the  expected  trend  in  the  envelope  of  the  Sound  Exposure  Spectrum  Level  for 
such  this  case  (see  Appendix  C.  1  for  details). 

The  equations  for  these  lower  and  upper  frequency  envelope  lines  for  the  sound 
exposure  spectrum  level  for  the  ideal  N-wave  which  reach  a  peak  at  a  frequency  fmax  -  V3/JtT 
(Appendix  C)  are: 

LE(0lf<fmax— »  20  Log  [Pf(psf)]  +  20  Log  [fT2]  +  131.0,  dB  (3- 16a) 

LE(0lf>fmax— ^  20  Log  [Pffpsf)]  -  20  Log  [f]  +  120.6,  dB  (3- 16b) 

Also  shown  in  the  figure  is  the  expected  trend  for  additional  roll-off  (at  -12  dB  per  octave)  for 
the  high  frequency  part  of  the  spectrum  for  an  N-wave  with  a  finite  rise  time  of  8  ms 
(Niedzwiecki,  1978).  Figure  3- 14b  compares  the  spectrum  level  for  the  ideal  N-wave  to  the 
arithmetic  average  and  range  of  values  for  eight  of  the  sonic  booms  measured  in  this  program 
as  discussed  in  more  detail  in  Section  5.  For  this  figure,  all  of  the  measured  spectra  have  been 
normalized  to  a  peak  amplitude  of  1  psf,  and,  for  plotting  purposes,  averaged  over  one-third 
octave  band  intervals.  Even  with  all  the  complexity  of  time  histories  anticipated  for  these  sonic 
booms,  according  to  the  concepts  shown  earlier  in  Figure  3-13,  these  measured  spectra  show 
fairly  close  agreement  to  the  expected  trend  for  an  ideal  N-wave.  Note,  especially,  that  while 
the  spectra  do  seem  to  show  some  roll-off  at  high  frequencies  greater  than  predicted  for  an  ideal 
N-wave,  they  do  not  show  the  predicted  full  roll-off  in  high  frequencies  anticipated  for  an  N- 
wave  with  a  finite  rise  time.  This  can  be  attributed,  in  part,  to  the  presence  of  many  small 
fluctuations  in  the  actual  sonic  boom  pressure  time  history  and  to  the  more  complex  spectra 
expected  for  the  other  types  of  waveform,  i.e.,  the  U-wave,  etc.  (The  deviation  of  the  average 
measured  data  at  low  frequencies  below  about  5  Hz  is  due  to  low  frequency  limitations  on  the 
microphone  response.)  Thus,  for  evaluation  of  dynamic  response  of  structure  to  sonic  booms 
in  ACM  areas,  it  will  be  reasonable  to  assume  that  the  actual  sonic  boom  pressure  time  history, 
and  corresponding  shock  spectra  can  be  roughly  approximated  by  that  for  an  ideal  N-wave. 

For  supersonic  flight  at  very  low  altitudes,  as  indicated  earlier  in  Figure  3-10,  the  sonic 
boom  no  longer  has  the  nominal  N-wave  shape  expected  for  straight  and  level  flight  at  the 
higher  altitudes.  However,  as  indicated  earlier  in  Figure  3-l0a,  an  equivalent  N-wave  can  be 
defined  to  predict  the  peak  pressure.  Similarly,  for  prediction  of  probability  of  structural 
damage,  it  will  be  sufficient  to  assume  an  ideal  N-wave  and  the  corresponding  shock  spectrum 
for  this  case. 


3-37 


Sound  Exposure  Spectrum  Ixvel, 


(a)  Predicted  Values  for  N-Wave 
(fr  =s  39.8  Hz  for  8  ms  rise  time) 


Figure  3-14.  Sound  Exposure  Spectrum  Levels  for  Sonic  Booms. 
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Figure  3-14.  (Continued) 


In  summary,  while  real  sonic  boom  signatures  often  contain  far  more  complexity  (and 
corresponding  higher  energy  at  high  frequencies)  than  ideal  N-waves,  this  complexity  is  not 
expected  to  be  significant  for  purposes  of  estimating  probabilities  of  structural  damage  to 
unconventional  (or  conventional)  structures.  This  assumption  is  consistent  with  that  made  by 
many  others  in  the  assessment  of  structural  damage  from  sonic  booms  (e.g.,  Hershey  and 
Higgins,  1976;  Haber  and  Nakaki,  1989). 
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4.0  MODELS  FOR  STRUCTURAL  RESPONSE  AND  DAMAGE  FROM 

SONIC  BOOM 

The  prediction  of  potential  damage  to  structures  from  the  type  of  sonic  boom  excitation 
described  in  Section  3  can  be  defined  in  terms  of  analytical  and  empirical  (experimentally 
derived)  models  for  the  vibration  response  of  a  structure  to  sonic  boom  excitation,  and  related 
models  for  the  resulting  stress  response. 

4.1  Vibration  Response  of  Single  Degree  of  Freedom  Systems  to  Sonic 

Boom 

In  this  section,  models  for  this  vibration  response  to  sonic  boom  are  defined  for 
elements  of  a  built-up  structure  as  well  as  for  ground  surfaces. 

When  a  panel  is  driven  by  a  transient  pressure  load  such  as  that  generated  by  a  sonic 
boom,  the  panel  surface  responds  in  a  damped  vibration  mode,  as  illustrated  by  a  typical 
example  in  Figure  4-1.  (This  example,  obtained  from  data  acquired  for  this  program,  is  for  the 
case  of  excitation  by  an  N-wave  followed  by  a  U-wave  sonic  boom.)  The  response  is 
transitory  and  usually  has  an  amplitude  1.5  to  3  times  greater  than  the  deflection  due  to  a  static 
load  with  the  same  peak  pressure.  Note  that  in  this  case,  the  peak  acceleration  response  occurs 
just  after  the  end  of  the  first  N-wave  and  thus  has  the  form  of  a  free,  damped,  sinusoidal-like 
vibration. 

The  specific  magnitude  of  this  transient  response  can  be  predicted  by  the  so-called 
shock  spectrum  D(f)  of  the  pressure  time  history.  This  is  the  effective  value  of  a  transient 
pressure  load  on  a  damped,  linear  single  degree  of  freedom  (SDOF)  system  (a  linear  damped 
mass-spring)  as  a  function  of  the  natural  frequency  of  this  simple  oscillator.  (In  this  case,  the 
simple  damped  mass  spring  represents  the  fundamental  mode  of  the  panel.)  The  "effective" 
pressure  load  is  the  magnitude  of  a  uniform  static  pressure  which  would  produce  the  same 
maximum  static  deflection  of  the  simple  mass-spring  system  (i.e.,  the  center  of  the  plate)  as 
that  actually  produced  by  the  transient  pressure  pulse.  When  this  shock  spectrum  is  normalized 
by  the  magnitude  of  the  peak  pressure  of  the  applied  transient  load,  the  resulting  quantity  is 
called  the  Dynamic  Amplification  Factor  (DAF).  Since  the  dynamic  system  is  assumed  to  be 
linear,  so  that  deflection  or  stress  response  is  directly  proportional  to  applied  pressure,  the  DAF 
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(a)  Acceleration  at  Center  of  Adobe  Wall 


(b)  Sonic  Boom  Pressure 


-  j 


TIME  i'5EC  1 

Figure  4-1.  Typical  Transient  Acceleration  Response  of  Structure  to  Sonic  Boom; 

Response  Measured  on  18"  Adobe  Wall  for  Event  MR081  for  This  Program 
( see  Section  5.0). 
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can  also  be  defined  by  the  ratio  of  the  peak  dynamic  stress  response  Op*  for  the  actual  transient 
pulse  to  the  static  stress  response  as  for  a  steady  load  with  the  same  magnitude  Ps  as  the  peak 
applied  pressure  Pp^: 

The  same  concept  holds  when  DAP  is  defined  by  the  ratio  of  peak  dynamic  deflection 
response  Xp*  to  the  static  deflection  response  Xs  for  transient  and  static  pressures  with  the 
same  magnitude. 

That  is: 

_  Equiv.  Static  Which  Produces  Same  Peak  Response  as  Actual  Applied  Pressure  Gpk  _  Xnk 

Actual  Applied  Peak  Pressure  ^  Xs 

The  predicted  value  for  DAF  is  shown  in  Figure  4-2a  for  the  case  of  excitation  by  an  ideal 
sonic  boom  N-wave.  As  indicated  by  the  figure,  for  the  undamped  system,  DAF  is  a  function 
of  the  natural  resonance  frequency  f0.  For  analysis  purposes,  it  is  convenient  to  generalize  this 
factor  in  terms  of  the  product  f0T  where  T  is  the  duration  of  the  positive  phase  of  the  N-wave. 

Figures  4-2b  and  4-2c  show  the  predicted  values  for  DAF,  with  damping  included,  for 
displacement  and  acceleration  response  to  an  ideal  N-wave.  The  displacement  DAF  shows 
decreasing  sensitivity  to  damping  as  f0T  increases  while  the  opposite  is  true  for  the  acceleration 
DAF.  The  latter  is  expressed  in  terms  of  a  non-dimensional  quantity  equal  to  the  peak 
acceleration  Xnax  divided  by  [(2k  f0)2  Xs]  where  f0  is  the  fundamental  resonance  frequency 
of  the  system  and  Xs  is  its  static  deflection  to  a  steady  pressure  within  the  same  magnitude  as 
the  peak  sonic  boom  pressure. 

There  are  three  different  cases  for  occurrence  of  the  peak  response  to  the  N-wave. 
During  the  N-wave,  the  peak  response  (e.g.,  deflection  or  stress)  can  be  either:  (1)  positive, 
Xmax,  or  (2)  negative,  Xmjn,  depending  on  the  product  f0T.  After  the  N-wave,  the  system 
responds  systematically  in  free  vibration  and  has  equal  (3)  positive  or  negative  dynamic 
responses,  Xnnax,min-  Note  that  the  envelope  of  these  peak  responses  following  the  cessation 
of  the  N-wave  is  equal  to  or  greater  than  the  peak  responses  during  the  N-wave.  The 
unnormalized  value  of  the  DAF  for  the  latter  case,  that  is,  the  actual  effective  value  of  the 
dynamic  pressure  as  a  function  of  the  resonance  frequency,  f0,  is  identLred  here  as  the 
Residual  (Pressure)  Shock  Spectrum,  DR(f),  where: 
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1‘cak  Dynamic  Displacement 
Static  Displacement 


-  *  i  i  1 

3  3.5  1.3  1.5  2.0  2.5 

f0T/2,  Resonance  Frequency  x  Duration^ 


(a)  Normalized  Displacement  Shock  Spectrum  for  Ideal  Sonic  Boom  N-Wave 


f0T/2.  Resonance  Frequency  x  Duration; 2 


(b)  N-Wave  Displacement  Shock 
Spectrum  for  Damped  System 


(c)  N-Wave  Acceleration  Shock 
Spectrum  for  Damped  System 


Figure  4-2.  Normalized  Shock  Spectra  for  Excitation  of  (a)  Undamped  and  tb)  and  to 
Damped  System  by  Ideal  N-Wave  (from  Sutherland.  1968a). 
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DR(f)  =  Pe-DAF(f) 


(4-1) 


and  Pe  is  the  effective  peak  pressure  load,  in  psf,  applied  to  the  structure. 

It  is  worth  noting  in  Figure  4-2b  and  4-2c  that  the  DAF  values  for  the  residual  (i.e., 
free  vibration)  displacement  and  acceleradon  of  an  undamped  system  are  identical. 

For  damage  assessment  purposes,  it  will  be  desirable  to  define  structural  response  to 
sonic  boom  excitation  in  terms  of  peak  structural  velocity  instead  of  peak  displacement  or  from 
theoretical  expressions  relating  stress  and  applied  pressure  as  employed  in  previous  damage 
estimation  studies  (Hershey  and  Higgins,  1967;  Haber  and  Nakaki,  1989).  The  reasons  for 
this  choice  will  become  clear  later  in  this  section.  This  velocity  response  of  a  simple  SDOF 
system  to  a  sonic  boom  can  be  derived  as  follows  with  the  aid  of  basic  expressions  for  free 
sinusoidal  vibration  of  such  a  system  driven  by  a  sonic  boom  N-wave  and  with  the  aid  of 
relationships  derived  in  Appendix  C  between  the  residual  pressure  shock  spectrum  and  sound 
exposure  spectral  density. 

For  the  residual  (i.e.,  free  vibration)  response  of  the  SDOF  following  the  N-wave,  the 
peak  velocity  Vpk  in  in/sec  at  the  system  resonance  frequency  fQ  can  be  defined,  to  a  close 
approximation,  in  terms  of  the  peak  displacement  Xj*  at  this  same  resonance  frequency  by: 

Vpk  =  (2jtf0)-Xpk,  in/sec 

The  peak  displacement  of  the  mass  (representing  a  panel)  can  be  defined  in  terms  of  the 
effective  applied  sonic  boom  pressure  Pc  the  displacement  Dynamic  Amplification  Factor, 
DAF(f),  and  the  stiffness  k  of  the  SDOF  system  spring  by: 

Xpk  =  XS  •  DAF(f)  =  DAF(f)  (4- 2a) 

where  A  is  the  area  of  the  panel  represented  by  the  mass. 

The  spring  stiffness  k  can  be  expressed  in  terms  of  the  mass  M  =  W/g  and  resonance 
frequency,  fQ,  by: 


k  =  47t2f02W/g  ,  lb/in 

where  g  =  acceleration  of  gravity,  386  in/sec2 


(4-2b) 
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Combining  the  above  relationship,  the  peak  velocity  Vp^  of  the  mass  of  this  simple  SDOF 
model  at  its  fundamental  resonance  frequency,  f0,  is  given  by: 


Vpk  = 


PegDAF(f) 
(2rtf0)  w 


in/sec 


(4-2c) 


where  w  =  surface  weight  in  psf  of  the  panel  represented  in  this  simple  model  by  a 
lumped  mass  =  W/A. 

Consider,  next,  a  simple  way  to  define  the  Dynamic  Amplification  Factor  for  this  SDOF  model 
of  the  structure  in  terms  of  the  sonic  boom  spectral  content 

As  outlined  in  Appendix  C.l,  a  useful  measure  of  the  spectral  content  of  a  transient 
pressure  signal  is  the  Sound  Exposure  Spectrum  SE(f).  This  is  essentially  the  frequency 
spectrum  of  the  time-integrated  value  of  the  squared  pressure  of  the  transient  pressure. 

From  Eq.  (4-1)  and  the  relationship  for  an  undamped  SDOF  system  between  the 
Residual  Shock  Spectrum  DR(f)  and  the  Sound  Exposure  Spectrum  SE(f)  developed  in 
Appendix  C.l,  DAF(f)  can  be  given  by: 

DAF(f)  =  -5—  V 1/2  SE(f)  (4-3) 

re 

From  here  on  it  is  assumed  that  the  frequency  f  in  the  arguments  for  DAF(f)  and  SE(f)  is  the 
resonance  frequency  fQ  of  the  SDOF  system  and  the  free  field  pressure,  Pf,  used  in  Appendix 
C.  1,  is  converted  to  the  effective  value,  Pe. 


Figure  3- 14b  has  demonstrated  that  the  sound  exposure  spectrum,  for  an  ideal  N-wave 
agrees  reasonably  well  with  the  average  values  measured  for  this  program. 

As  another  check  on  this  assumption,  values  for  DAF(f)  reported  in  the  extensive 
"carpet”  sonic  boom  measurements  (Wiggins,  1965)  for  the  White  Sands  tests  were  examined 
and  the  results  are  summarized  in  Figure  4-3.  These  data  covering  105  sonic  boom  records 
show  a  good  agreement  with  theory  and  the  central  trend  is  close  to  the  expected  value  for  an 
ideal  N-wave. 


Now,  combining  Eqs.(4-1)  to  (4-3),  the  peak  velocity  response  following  the  N- 
wave  -  call  it  the  Residual  Velocity  Response  Spectrum  Vr(D  -  can  be  given  by: 
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Figure  4-3.  Summary  of  DAF  Values  Measured  on  Ground  Microphones  from  Ninety  F- 104 
and  Fifteen  B-58  Sonic  Boom  Records  from  White  Sands  FAA  Test  Program  in 
1965  (Data  from  Wiggins,  1965). 


(4-4a) 


Vr(£)  =  — e—  Pe  DAF(f) 

27tf0W 

or  VR(f)  =  £■  V 1/2  SE(f)  in/sec  (4-4b) 

This  velocity  is  often  called  a  pseudo-velocity  since  it  is  strictly  valid  only  for  the  case  of 
steady-state  sinusoidal  vibration.  However,  for  engineering  purposes,  Eq.(4-4)  can  be  utilized 
to  estimate,  to  a  good  approximation,  the  peak  velocity  response  of  a  SDOF  model  for  structure 
to  a  sonic  boom. 

The  Residual  Velocity  Shock  Spectra  defined  by  these  expressions  are  plotted  in  Figure 
4-4,  in  log  form  for  an  ideal  N-wave  with  a  duration  of  0.075  sec.  Also  shown  are  the  low 
and  high  frequency  envelopes  for  this  spectra  and  the  envelopes  for  the  case  where  T  =  0.15 
sec.  These  envelope  lines  will  become  the  basis  for  predicting  structural  velocity  for  built-up 
structures  subject  to  vibration  response  like  a  panel.  It  can  be  shown  (see  Appendix  C)  that 
the  equations  for  these  envelope  lines  for  the  Residual  Velocity  Shock  Spectra  VR(f)  are: 

For  fQ  <  V3/tcT  VR(f)  =  j  ^  f0T2  in/sec  (4-5a) 

and  for  fQ  >  V3/ttT  VR(f)  =  in/sec  (4-5b) 

(2jtf0)w 

where  g  =  386  in/sec2 

Pe  =  Peak  effective  sonic  boom  pressure,  psf 
f0  =  Fundamental  resonance  frequency  of  panel,  Hz 
w  =  Surface  weight  of  structure,  in  psf 
T  =  Duration  of  sonic  boom,  sec. 


The  mixture  of  ft-lb-sec  and  in-lb-sec  units  is  employed  here  for  consistency  with  the 
convention  of  expressing  the  peak  pressure  and  surface  weight  in  psf  and  structural  velocity  in 
in/sec.  It  will  also  be  convenient  from  here  on  to  refer  to  the  peak  velocity  response,  as  defined 
by  the  Residual  Velocity  Response  Spectra  VR(f),  by  the  symbol  Vp^. 
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f(h  Resonance  Frequency,  Hz 


Figure  4-4.  Normalized  Residual  Velocity  Shock  Spectrum  for  Predicting 
Response  of  Structures  with  a  Surface  Weight  w  (psf)  to  a  Sonic 
Effective  Peak  Pressure  Pe  (psf). 


Peak  Velocity 
Boom  with  an 


4.1.1 


Correction  for  Multimodal  Response 

The  analytical  models  presented  so  far  have  only  considered  response  at  the  fundamen¬ 
tal  resonance  frequency  of  a  simple  lumped  mass-spring  model  for  a  real  structure.  The  total 
response  of  a  structure  in  all  modes  requires  a  more  detailed  analysis  of  the  time  history  of  the 
response  and  summation  of  the  combined  time  history  of  these  modal  responses.  Such  an 
analysis  is  summarized  in  Appendix  C.2  based,  in  part,  on  previous  studies  (Blume  and 
Associates,  1965;  Crocker,  1967).  As  shown  in  Appendix  C.2,  a  reasonable  approximation  to 
the  total  multimodal  velocity  response  can  be  made  by  increasing  the  response  envelope 
expressions  of  Eq.(4-5)  by  a  factor  of  2.0. 

This  simple  approximate  correction  is  based  on  the  analysis  in  Appendix  C.2  of  the 
theoretical  multimodal  response  of  a  simply  supported  panel  for  sonic  boom  durations  of  0. 1 
and  0.2  seconds  and  for  aspect  ratios  of  the  panel  (side  a/side  b)  of  1.0  and  0.2. 

4.1.2  Vibration  Response  of  Non-Structural  (Terrain)  Elements 

Some  of  the  structures  of  concern  for  this  study  are  archaeological  structures  of  various 
types  which  rest  on,  or  are  a  part  of,  the  local  terrain  and  hence  may  be  subject  to  damage  from 
acoustically-excited  seismic  vibration.  Complex  analytical  models  have  been  developed  to 
predict  such  seismic  vibration  from  sonic  boom  or  blast  transient  overpressure  (Cook,  et  ai., 
1972)  and  from  acoustic  signals  such  as  aircraft  noise  (Sabatier,  et  al.,  1986).  The  theories 
predict  two  forms  of  seismic  waves  (Cook,  et  al.,  1972):  (a)  a  dilatational  deformation  of  the 
ground  due  to  the  direct  pressure  loading,  and  (b)  coupled  Rayleigh  (surface)  waves  which 
may  precede  or  follow,  in  time,  the  direct  dilatational  response.  In  general,  it  is  found  that  the 
direct  response  to  the  pressure  loading  is  greater  than  the  coupled,  Rayleigh  wave,  response 
and  consists  primarily  of  a  vertical  ground  motion  whose  velocity  is  directly  proportional  to  the 
acoustic  pressure.  Although  the  transfer  function  between  the  ground  velocity  and  pressure  is 
both  predicted  and  measured  to  be  dependent  on  frequency  for  the  usual  type  of  stratified 
ground  geology,  it  is  not  practical,  for  purposes  of  this  document,  to  attempt  to  account  for  this 
refinement  or  to  employ  the  theoretical  models  for  purposes  of  predicting  damage.  Instead, 
reliance  will  be  placed  on  measured  seismic-acoustic  transfer  functions  that  seem  to  fall  within 
a  reasonably  small  range  as  discussed  in  Section  4.3.2.  These  transfer  functions  define  the 
ratio  of  peak  seismic  velocity  response  to  the  peak  free  field  pressure. 
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4.1.3  Vibration  Response  of  Radio  Telescopes  to  Sonic  Boom 


In  a  previous  environmental  study  of  sonic  booms,  concern  had  been  expressed  about 
the  potential  damage  to,  or  excessive  vibration  response  of,  radio  telescopes  (U.S.  Air  Force). 
More  recently,  one  incident  has  been  reported  of  claimed  potential  sonic  boom  damage  to  an 
optical  telescope  located  on  the  campus  of  a  university  situated  near  a  USAF  base  (Hall,  1990). 
Such  radio  and  optical  telescopes,  which  certainly  qualify  as  unconventional  structures,  will 
normally  be  quite  complex  in  nature  with  a  wide  range  of  structural  detail  (Hey,  1973:  Alter,  et 
al.,  1983).  While  excessive  vibration  of  such  structures  detrimental  to  their  sensitive 
operations  may  occur  during  exposure  to  a  sonic  boom,  this  problem  is  not  addressed  in  this 
report  since  criteria  were  not  available  to  define  acceptable  vibration  limits  of  the  structure  and, 
more  to  the  point,  such  vibration  is  not  likely  to  result  in  structural  damage.  It  would  be 
possible,  however,  to  make  rough  estimates  of  the  peak  ground  vibration  at  the  base  of  such 
systems  induced  by  sonic  booms  with  the  use  of  the  seismic  transfer  function  data  included  in 
Section  4.3.2. 1  in  this  report.  Such  estimates,  coupled  with  a  suitable  analysis  of  the  vibration 
response  characteristics  of  the  entire  structure,  could  be  used  for  a  more  detailed  evaluation  of 
environmental  vibration  concerns. 

Many  large  radio  telescope  reflectors  employ  an  open  "wire  mesh"  for  their  parabolic 
reflector  "surface."  Mesh  openings  can  be  of  the  order  of  2  inches  or  less  (Hey,  1973)  and 
can  be  assumed  to  present  essentially  an  acoustically  transparent  surface  to  a  sonic  boom 
pressure  wave  so  that  structure  loads  on  the  mesh  surface  from  the  sonic  boom  overpressure 
would  be  minimal.  The  one  potential  sonic  boom  damage  problem  that  is  addressed  here 
relates  to  the  potential  damage  to  the  metal  parabolic  reflectors  of  that  type  of  radio  telescope 
which  employs  a  solid  surface  for  such  reflectors.  A  similar  potential  structural  damage 
problem  relates  to  the  hemispherical  protective  housing  that  some  radio  telescopes  employ  to 
protect  the  system  from  the  weather  (Hey,  1973).  These  housings  can  be  similar  to  the  familiar 
type  employed  for  optical  telescopes.  In  any  event,  the  critical  parameter  here  would  be  the 
surface  weight,  w,  of  the  protective  enclosure. 

Radio  telescopes  that  employ  a  solid  reflector  exposed  to  the  weather  can  have 
diameters  in  the  range  of  25  to  140  ft  (Hey,  1973).  It  has  been  shown  that  the  effective 
acoustic  load  on  a  free  obstacle,  such  as  a  disk,  is  greatest  at  a  characteristic  frequency,  fc,  for 
which  the  front  to  back  distance  (equal,  approximately,  to  the  diameter,  d,  of  the  obstacle),  is 
approximately  1/2  wavelength  (Morris,  1948;  Sutherland,  1968b).  Assuming  a  radio  antenna 
diameter  of  50  ft,  this  critical  acoustic  loading  frequency  would  occur  at  c/(2d)  where  c  is  the 
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speed  of  sound  (about  1,1 17  ft/sec)  so  that,  in  this  case,  fc  would  be  1,1 17/(2x50)  =  1 1  Hz. 
As  shown  earlier  in  Figure  4-3,  this  is  close  to  the  peak  frequency  of  the  Sound  Exposure 
Spectrum  Level  of  a  typical  sonic  boom  with  a  duration  of  0.1  sec.  In  this  case,  it  turns  out 
that  the  effective  pressure  load  on  an  obstacle  at  this  characteristic  frequency  is  approximately 
two  times  the  incident  pressure.  That  is,  for  a  radio  telescope  of  about  50  ft  diameter  or  more, 
the  effective  pressure  load  will  be  similar  to  that  on  a  solid  wall  which  does  not  have  a  direct 
acoustic  path  for  the  sonic  boom  pressure  wave  to  diffract  around  such  as  a  radio  telescope 
antenna  has.  Thus,  to  a  first  approximation,  the  potential  for  structural  damage  to  the  solid 
radio  reflector  surface  can  be  estimated  in  the  same  way  as  will  be  done  for  a  solid  wall  -  the 
key  unknowns  being  the  fundamental  structural  resonance  frequency,  f0,  and  the  surface 
weight,  w.  For  the  purpose  of  estimating  damage  and  providing  very  approximate  values  for 
the  probability  of  damage,  it  will  be  assumed  that  the  basic  reflector  surface  is  14  gauge  sheet 
metal  with  a  thickness  of  0.0766  inch.  However,  a  total  surface  weight,  including  allowance 
for  support  structure,  of  9.9  psf  was  assumed.  This  reflector  skin  was  assumed  to  be 
supported  on  2  ft  x  2  ft  centers  on  a  back-up  structure,  the  fundamental  resonance  frequency 
is  estimated  to  be  that  of  a  simply  supported  24  inch  x  24  inch  x  0.0766  inch  plate  (see 
Section  4.3. 1.2  later  for  methods  for  estimating  resonance  frequencies  of  plates).  The 
resulting  fundamental  resonance  frequency  is  approximately  25  Hz.  These  frequency  and 
surface  weight  parameters  will  be  used  for  this  report  but  must  not  be  taken  as  authoritative 
values  from  any  one  specific  antenna  and  are  simply  employed  here  as  reasonable  values  to 
provide  a  rational  basis  for  illustrating  the  method  for,  and  obtaining  rough  estimates  'f, 
potential  structural  damage  for  such  structures. 

It  must  be  emphasized  that  such  large  structures  exposed  to  the  elements  must  be 
designed  to  withstand  severe  wind  loads  which  vary  in  magnitude  depending  on  the  geographic 
location  from  about  20  to  50  psf  (Brekke,  1959).  Thus,  damage  from  typical  sonic  booms  for 
supersonic  flight  above  5,000  ft  can  be  expected  to  have  a  low  probability.  The  analysis 
earned  out  here  deals  only  with  the  potential  damage  to  the  thin  metal  reflector  surface.  No 
attempt  is  made  to  assess  dynamic  response  and  potential  damage  to  the  primary  load-carrying 
structure  of  such  a  large  radio  telescope  that  might  be  possible  for  very  high  sonic  boom 
pressures  from  the  unlikely  event  of  a  low  altitude  supersonic  flight  close  to  such  a  structure. 

4.2  Stress  Response  to  Vibration  Induced  by  Sonic  Booms 

Stress  response  of  structure  driven  by  acoustic  loads  could  be  derived  on  the  basis  of 
the  peak  dynamic  displacement  and  known  relationships  between  deflection  and  stress  for 
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simple  structural  models.  However,  for  this  study  it  is  more  convenient  to  estimate  stress  in 
terms  of  structural  velocity  for  two  reasons:  (1)  this  vibration  measure  is  also  widely  used  for 
damage  assessment  of  structures  near  blasting  and  mining  operations  (Siskind,  et  al., 
1980a,b),  and  (2)  velocity  is  related  in  a  simple  way  to  stress  in  a  vibrating  structure,  as 
outlined  below. 

A  basic  theoretical  relationship  exists  between  the  magnitude  of  the  peak  velocity 
response  in  a  structure  undergoing  sinusoidal  vibration  in  a  resonant  mode  and  the  peak  stress 
in  the  structure  in  this  same  vibration  mode  (Hunt,  1960).  According  to  this  general 
relationship,  the  peak  strain  e  pk  in  a  structure  vibrating  in  a  resonant  mode  is  simply  equal  to: 

epk=Ks- Vpk/CL  (4-6) 

where 


Vpk  =  the  maximum  velocity  in  this  mode,  in/s 

Cl  =  V  E/p  the  longitudinal  speed  of  sound  in  the  structural  material  (Note  that 

the  ratio  Vpk/CL  can  be  considered  equivalent  to  a  structural  vibration 
"Mach  Number"),  in/s 

E  =  the  Modulus  of  Elasticity  of  the  material,  psi 
p  =  the  mass  density  of  the  material,  lb-s2/in4 

Ks  =  a  shape/vibration  mode  factor  to  be  defined  below. 

The  peak  stress  apk  corresponding  to  this  strain  is  then 

tfpk  =  E-€pk  =  KsEVpk/CL  (4-7) 


This  relationship  can  now  be  applied  to  estimate  the  vibration-induced  stress  in  a  variety  of 
structures.  (Values  for  the  quantity  E/Cl  for  typical  materials  are  given  below  in  Table  4-1.) 


4.2.1  Stress  Response  of  Building  Elements 


In  Eq.  (4-7),  the  shape/mode  factor  Ks  has  the  following  values  (Hunt,  1960). 

For  longitudinal  vibration  of  bars,  Ks  =  1.  (This  value  of  Ks  will  also  be  assumed 
to  apply  for  acoustically  excited  compressional  or  shear  seismic  waves  in  the 
ground.) 
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Table  4-1 


Stress  Factors  Ks,  E,  Cl,  and  E/Cl  Used  in  Eq.  (4-7)  to  Relate  Peak  Velocity  to  Stress 
for  Various  Aspect  Ratios  of  Simply  Supported  Plates  Made  from  Different  Materials 

Vibrating  in  the  Fundamental  Mode. 


< - 

-KS 

- > 

Adobe 

Length  of  Shortest  Side 

Masonry/ 

Concrete 

Glass 

Douglas 

FiS4X5) 

SteeK5) 

Length  of  Longest  Side 

9 

ii 

p 

(ji  =  0.22) 

(a  =  0.229  to  0.45) 

0i=0.3) 

0.2 

1.68 

1.72 

1.73  -  1.90 

1.77 

0.4 

1.52 

1.58 

1.59  -  1.79 

1.64 

0.6 

1.33 

1.41 

1.42  -  1.66 

1.48 

0.8 

1.13 

1.24 

1.24  -  1.52 

1.32 

1.0 

0.96 

1.08 

1.09  -  1.41 

1.18 

E 

CL 

E/Cl 

Material 

Ref. 

106  psi 

105  in/sec 

(lb/in2)/in/s 

Concrete  Block 

(1) 

2.1 

± 

0.1 

0.957  ± 

0.046 

13.1  ±  6.5 

Masonry/Stone 

(1) 

9.3 

± 

4.6 

1.93  ± 

0.510 

48.2  ±28.6 

Adobe 

(2) 

0.0228 

0.114  ± 

0.011 

2.0  ±  0.2 

Cement  Mortar 

(1) 

5.2 

± 

0.3 

1.56  ± 

0.03 

33.3  ±  1.0 

Gypsum  Plaster 

(1) 

2.15 

± 

0.25 

1.18  ± 

0.05 

18.2  ±  3.6 

Back  Wall 

0) 

1.72 

± 

0.87 

1.00  ± 

0.28 

17  2  ±  10.6 

Gypsum  Wallboard(i/4 

-  3/8")  0.3) 

0.537  ± 

0.047 

0.826  ± 

0.108 

6.50  ±  0.87 

d/2 

-  5/8")  0.3) 

" 

0.680  ± 

0.061 

7.90  ±  0.71 

Glass 

0) 

10.7 

± 

1.7 

2.16  ± 

0.20 

49.5  ±  9.3 

Douglas  Fir 

(1,4) 

1.6 

± 

0.4 

1.95  ± 

0.31 

8.2  ±  2.5 

Steel 

0) 

29.8 

± 

0.4 

2.01  ± 

0.015 

148.0  ±  3.0 

(!)  Sutherland,  1968a  (see  Appendix  B). 

Smith,  1986 
U)  Stagg,  et  al.  1984 

(4)  Approximate  for  Douglas  fir  for  longitudinal/radial  directions  re:  grain. 

(5)  See  text  on  next  page  for  adjustments  to  Ks  for  wood  or  steel  frame  structures. 
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•  For  lateral  vibration  of  beams,  Ks  =  cN  I/A  where  c  is  the  distance  from  the 
neutral  (unstressed)  plane  of  the  beam  to  the  outermost  fiber,  and  I/A  is  the  ratio  of 
the  area  moment  of  inertia  to  the  cross-sectional  area  for  the  beam.  For  uniform 
rectangular  beams,  it  can  be  shown  that  Ks  =  V3  =  1.73  and  for  circular  bars, 
K$  =  2.  (The  general  form  for  beams,  c/VI/A,  is  used  later  to  estimate  Ks  for 
stress  response  of  non-homogeneous  built-up  panels. 

•  For  lateral  vibration  of  plates,  K  =  1  to  2  depending  on  the  plate  geometry,  mode 
shape  and  Poisson's  ratio  for  the  plate  material.  For  a  plate  which  can  be 
considered  to  be  simply  supported  (a  reasonable  assumption  for  windows 
according  to  Crandall  and  Kurzweill,  1968)  and  building  walls  and  floors 
(Clarkson  and  Mayes,  1972),  Ks  has  the  following  values  for  the  fundamental 
mode  (Hunt,  1960). 

KS  -  V  3/(l-p2)  •  [1+n  •  ((a/m)  /  (b/n))2]  /  [1  +  ((a/m)  /  (b/n))2]  (4-8) 

where  a,b  are  the  dimensions  of  the  short  and  long  sides  of  the  plate  and  m,n  are 
the  mode  numbers  along  sides  a  and  b  respectively  (e.g.,  m,n  =  1  for  the 
fundamental  mode  of  the  plate),  and  [i.  is  the  Poisson's  ratio  for  the  material.  This 
expression  has  been  used  to  compute  the  values  for  Ks  in  Table  4-1. 

For  analysis  purposes,  practical  design  values  for  the  factor  Ks  are  developed  as  follows. 

•  For  homogeneous  "plates"  such  as  windows  or  masonry  (stone,  adobe,  brick,  etc.) 
walls,  a  logarithmic  mean  value  of  Ks  is  computed  from  Table  4-1  for  "plate" 
aspect  ratios  (a/b)  from  0.2  to  1.  (A  narrower  range  of  a/b  (i.e.,  a/b  =  0.5  to  1) 
might  be  appropriate  for  typical  walls  but  the  method  used  was  conservative.)  The 
resulting  values  were: 

Masonry,  Stone,  Adobe  Ks  =  1.34 

Glass  Ks  =  1.39 

•  For  non-homogeneous  (built-up)  walls  such  as  standard  wood  or  metal  stud  walls, 
Ks  was  computed  by  multiplying  a  baseline  value  of  Ks  derived  from  Table  4- 1  by 
an  adjustment  factor  equal  to  the  ratio  of  the  radius  of  gyration  VI/A  of  a  uniform 
beam  where  I  and  A  are  the  area  moment  of  inertia  and  cross-sectional  area  of  the 
beam,  respectively.  The  resulting  values  of  Ks  used  for  analysis  are  as  follows. 
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Wood  Frame  Walls 


•  Single  skin  (e.g.,  bams) 

Ks 

=  1.19 

•  Skin  on  both  sides 

KS 

=  1.13 

Metal  Walls 

KS 

=  0.89 

•  It  is  apparent  from  Table  4-1  that  the  above  baseline  values  of  Ks  for  wood  and 
metal  frame  walls  are  average  values  which  do  not  seem  to  reflect  the  variation  in 
the  values  of  Ks  in  Table  4-1  for  wood,  to  the  range  of  Poisson's  ratio.  For 
example,  even  though  the  aspect  ratio  for  wood  frame  walls  was  assumed  to  be 
essentially  constant  at  0.2,  corresponding  to  a  typical  16"  x  8'  section,  the  actual 
value  of  Ks  could  vary  due  simply  to  the  variation  in  Poisson’s  ratio  (see 
Eq.(4-8)).  For  metal  walls,  Ks  may  vary  significantly  for  various  aspect  ratios  of 
metal  walls.  However,  this  statistical  variation  in  Ks,  which  depends  so  strongly 
on  the  geometry  of  the  structural  element,  will  also  be  reflected  in  the  statistical 
variation  in  resonance  frequency.  Therefore,  to  avoid  compounding  the  consider¬ 
ation  of  these  variations,  it  was  assumed  that  the  above  values  of  Ks  would  be 
constant  with  no  variation  about  their  mean.  (Subsequent  evaluation  demonstrated 
that  this  assumption  had  very  little  effect  on  the  predicted  probability  of  damage  of 
structures  from  sonic  boom.) 

In  summary,  the  above  parameters  combined  with  Eqs.  (4-5)  and  (4-7)  and  the  correction  of 
2.0  for  multimodal  velocity  response  provides  the  basis  for  making  estimates  of  the  nominal 
peak  stress  in  a  structural  element  due  to  sonic  boom  loading.  The  structural  response 
prediction  models  employed  are  necessarily  simplified  for  purposes  of  this  report  and  are  not 
intended  to  serve  as  the  basis  for  detailed  design  of  structures  exposed  to  severe  sonic  boom 
loads  from  low  altitude  supersonic  flights. 

4.2.2  Response  of  Non- Structural  Elements 

Acoustically-induced  stresses  in  archaeological  ruins,  water  tanks  and  wells  and 
potential  avalanche  or  earth-slide  areas  are  considered  in  the  following. 

4.2.2. 1  Acoustically-Induced  Stresses  in  Archaeological  Structures 

Stresses  in  archaeological  structures  induced  indirectly  by  seismic  response  of  the 
adjacent  ground  to  sonic  booms  will  be  estimated  from  experimental  data  on  such  ground 
vibration  (see  Section  4.3.2. 1).  Stresses  induced  directly  by  the  effective  acoustic  loading  can 


4-16 


be  estimated  using  the  theory  and  supporting  experimental  data  outlined  in  Sections  4.2. 1  and 
4.3  respectively. 

4.2.2.2  Acoustically-Induced  Stresses  in  Water  Tanks  and  Wells 

Water  tanks  consist  of  elevated  metal  or  wood  tanks  resting  on  heavy  columns  large 
enough  to  support  the  mass  of  the  tank  filled  with  water,  or  surface-mounted  concrete  or  stone 
tanks  resting  on  the  ground.  The  acoustic  pressures  on  the  support  structure  of  elevated  tanks 
or  walls  of  ground-mounted  tanks  generated  by  sonic  booms  from  ACM  operations  would  not 
exceed  about  6  lb/ft2  (see  Figure  3-8).  This  pressure  is  much  less  than  the  inherent  hydrostatic 
pressures  (62.4  lb/ft2  per  foot  of  water  depth)  associated  with  (he  weight  of  the  water  inside  the 
tanks  so  that  acoustic  loading  from  ACM  operations  is  not  a  significant  problem  for  such 
partially  filled  tanks.  For  empty  elevated  metal  tanks,  only  the  walls  would  be  of  concern  for 
this  study  and  their  vibration  response  and  resulting  stresses  can  be  estimated  in  the  same  way 
as  for  other  building  structures  using  theory  and  supporting  experimental  data  as  indicated  in 
the  preceding  paragraphs.  For  supersonic  flights  at  lower  altitudes  than  employed  for  ACM 
operations  (normally  above  5000  ft),  sonic  booms  can  approach  this  inherent  hydrostatic 
pressure  (~60  psf)  and  could  thus  present  a  potentially  serious  problem.  As  pointed  out  in  the 
public  response  published  in  some  Final  EISs  for  SOAs,  cattle  ranchers  worry  about  the 
prospect  of  sonic  boom-induced  leaks  in  such  water  tanks  located  in  remote  areas  of  a  cattle 
range  where  loss  of  water  could  lead  to  serious  loss  of  cattle  (U.S.  Air  Force).  However,  the 
potential  for  damage  in  such  cases  is  expected  to  be  clearly  indicated  by  estimates  of  potential 
damage  to  the  metal  walls  of  empty  tanks. 

For  water  wells,  which  are  below  ground  except  for  the  opening,  vibration  or  seismic 
stresses  on  the  well  walls  induced  by  noise  will  be  insignificant,  as  will  be  shown  later  in 
discussions  of  experimental  data  relating  to  seismic  vibration  from  sonic  boom. 

4.2.2.3  Acoustically-Induced  Stresses  in  Avalanche  and  Slide  Areas 

Estimates  of  the  potential  for  avalanches  or  earth  slides  will  be  made  on  the  basis  of 
estimated  shear  stresses,  computed  by  Eq.  (4-7).  The  "shape  factor"  Ks  in  Eq.  (4-7)  will  be 
taken  as  unity  as  expected  for  vibration  involving  a  shearing  motion,  the  Modulus  of  Elasticity, 
E,  will  be  replaced  by  the  Modulus  of  Rigidity  (i.e..  Shear  Modulus  G),  and  the  longitudinal 
speed  of  sound.  Cl  will  be  replaced  by  the  speed  of  shear  waves,  Cs  (Hunt,  1960).  The 
velocity,  Vpjj  will  be  based  on  the  same  experimental  data  on  seismic-acoustic  coupling  just 
mentioned.  Thus,  following  the  same  approach  employed  in  a  previous  evaluation  of  seismic 
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response  to  sonic  boom  pressures  (Cook,  et  ai.,  1972),  acoustically- induced  seismic  shear 
stresses  as  will  be  estimated  from  this  modified  form  of  Eq.  (4-7)  using  available  values  for 
the  shear  wave  speed  Cs,  and  Shear  Modulus  G  for  snow  and  landslide  materials. 
Comparison  of  these  estimated  shear  stresses  with  estimated  shear  strengths  of  the  materials 
will  provide  a  rough  estimate  of  the  potential  for  triggering  landslides  or  avalanches  by  sonic 
booms. 

4.3  Experiment-Based  (Empirical)  Models  for  Response  to  Sonic  Boom 

Experimental  data  on  response  of  structures  to  sonic  boom  excitation  provide  critical 
support  to  the  preceding  analytical  models  in  two  key  areas: 

•  Data  on  vibration  and  stress  response  of  structures  to  blast  or  sonic  boom  help  to 
validate  the  preceding  concepts  and  define  typical  resonance  frequencies  of  real 
structures. 

•  Velocity  response  of  the  ground  to  acoustic  loading  help  to  define  values  for  the 
seismic-to-acoustic  coupling  transfer  function  for  a  variety  of  ground  conditions. 

4.3.1  Experimental  Data  on  Structural  Response  to  Noise 

In  this  section,  published  experimental  data  as  stress  response  of  building  structures 
and  seismic  response  of  ground  surfaces  to  sonic  boom  or  other  types  of  acoustic  excitation  are 
reviewed. 

4.3. 1.1  Structural  Stress  Response  to  Sonic  Booms 


Experimental  data  are  available  on  measurements  of  the  peak  strain  €  pk  in  various  types 
of  residential  building  components  to  sonic  boom  from  several  programs  (Mayes  and  Edge, 
1964;  and  Power,  1964).  Using  representative  values  for  the  Modulus  of  Elasticity,  E,  for 
such  components,  such  as  in  Table  4-1,  the  apparent  peak  stress  apk  associated  with  the 
measured  strain  can  be  computed  from  aPk  =  E  e  Pk.  Results  of  such  computed  stresses, 
bases  on  measured  strains,  are  shown  in  Figure  4-5a  for  various  building  components  exposed 
to  sonic  boom  loads.  Also  shown  is  the  predicted  stress  based  on  the  use  of  Eq.  4-7,  the  sonic 
boom  shock  response  spectrum  shown  in  Figure  4-2,  and  available  information  on  the  dynamic 
response  characteristics  of  the  measured  structures  (Sutherland,  1968a).  While  the  structures 
involved,  in  this  case,  are  not  necessarily  representative  of  unconventional  structures  of 


fnT/Z  Resonance  Frequency  x  (Duration  of  Boom)/2 


Figure  4-5.  Measured  and  Predicted  Peak  Sonic  Boom-Induced  Stresses  in  Various 
Building  Elements  (Data  from  Mayes  and  Edge,  1964;  Power,  1964). 
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(c)  Correlation  of  Maximum  Strain  and 
Pseudo-Velocity  Measured  for  Three 


0.5  !  .0  1.5  2.0 

Vpk,  Pseudo- Velocity,  in/sec 


Figure  4-5  (Continued) 


concern  here,  the  figure  serves  to  illustrate  that  for  the  structural  locations  measured,  the 
predicted  stresses  closely  represent  the  upper  bound  of  the  measured  values. 

Figure  4-5b  shows  more  data  from  one  of  these  earlier  programs  which  evaluated 
building  responses  to  sonic  loads  (Mayes  and  Edge,  1964).  In  this  case  the  data  show  the 
linear  relationship  between  measured  peak  pressures  and  measured  stress  (computed  from 
measured  strain)  for  one  specific  building  component  -  a  wall  stud  in  a  particular  test 
structure  -  for  several  different  types  of  sonic  loading.  The  relationship  between  peak  stress 
and  peak  pressure  for  sonic  boom  loading  indicates  a  stress  to  pressure  relationship  of  about  32 
psi  stress  per  psf  of  pressure  load.  A  predicted  value  for  this  quantity,  using  a  process  outlined 
in  Sutherland,  1968a,  indicated  a  value  of  28  psi  stress  per  psf  of  sonic  boom  peak  pressure. 
Note,  as  indicated  in  the  figure,  that  the  stress/peak  overpressure  relationship  is  about  1.8  times 
greater,  as  expected,  for  sonic  boom  excitation  than  for  blast  excitation  (Sutherland,  1968a). 

Finally,  Figure  4- 5c  shows  additional  information  available  from  one  of  these  earlier 
sonic  boom  tests  (Power,  1964)  in  the  form  of  a  correlation  between  the  peak  pseudo-velocity 
Vpk  computed  from  the  measured  peak  acceleration  apk  and  the  measured  peak  strain  e  Pk  in 
several  residential  building  components.  In  this  case,  the  experimentally  derived  value  for  the 
factor  Kg  in  Eq.  4-6  varies  from  0.55  to  0.88,  roughly  half  the  value  expected  according  to 
Table  4-1.  These  values  for  K$  were  computed  from  the  following  equation: 

KS  =  e  pk/(Vpk/CL)  =  6  pk/(apk'g/27t  fCL)  (4-9) 

based  on  a  value  for  the  longitudinal  speed  of  sound  Cl  in  the  wood  material  of  1.5  x  105 
in/sec  which  is  nearly  the  same  as  the  value  (1.6  x  105)  in  Table  4-1. 

To  summarize,  the  experimental  data  shown  earlier  in  Figures  3- 14b  and  4-3  indicate 
that  experimentally  measured  values  for  the  velocity  response  spectra  VR(f)  or  the  related 
Dynamic  Amplification  Factor,  DAF,  based  only  on  measured  pressure  spectra  of  sonic 
booms,  are  very  close  to  expected  results  for  an  ideal  sonic  boom.  The  very  limited  data  on 
stress  response  to  actual  sonic  booms  in  Figure  4-5  indicate  that  the  predicted  stress  response 
to  sonic  booms  generally  agrees  with  measurements  but  may  in  some  cases  be  on  the 
conservative  side,  as  desired,  by  no  more  than  a  factor  of  about  2.  (Note  that  this  possible 
overestimate  by  a  factor  of  2  in  stress  response  is  in  the  opposite  direction  from  the  predicted 
two-fold  increase  in  actual  peak  velocity  (and  hence  stress)  response  of  a  multimodal  system 
over  that  of  a  SDOF  system,  as  discussed  earlier.)  The  possible  overestimate  in  stress 
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response  could  be  due  in  part  to  the  neglect  of  any  damping  effects  in  peak  response  of  the 
structure.  In  any  event,  no  change  in  the  damage  prediction  model  will  be  made  at  this  point  on 
the  basis  of  these  limited,  previously  published  experimental  stress  response  data  since  they  are 
not  considered  sufficient  to  warrant  adoption  of  an  empirically-derived  correction,  up  or  down, 
in  predicted  stress  response.  Furthermore,  they  were  not  obtained  on  representative 
unconventional  structures  and  seem  to  indicate  that  the  stress  prediction  models  may  be 
conservative  as  desired. 


4.3. 1.2  Resonance  Frequencies 

The  resonance  frequency  of  many  structural  elements,  such  as  windows,  can  be 
estimated  by  treating  the  structure  as  a  simply  supported  uniform  plate.  In  this  case,  the 
fundamental  resonance  frequency  fQ  ,  can  be  estimated  by: 

fo  =  (JC/2)  [1/a2  +  1/b2]  VeIV(PA'(1-h2))  (4- 10a) 


where  a,b 
E 
I’ 


A’ 


P 

M- 

h 


side  dimensions  of  the  plate,  inches  (a  <  b) 

Modulus  of  Elasticity  of  the  plate  material,  psi 

area  moment  of  inertia  of  a  unit  width  strip  of  the  plate  (equal  to  h3/12  for  a 
uniform  plate),  in4 

cross-sectional  area  of  the  same  unit  strip  (equal  to  h  for  a  uniform  plate),  in2 
muss  density  of  the  plate  material,  lb  sec2/in4 
Poisson's  ratio  for  the  plate  material  (see  Table  4-1) 
thickness  of  a  uniform  plate,  in. 


For  glass  window  panes  and  reasonably  homogeneous  adobe  or  masonry  walls  which  can  be 
approximated  as  uniform,  simply  supported  plates,  this  expression  can  be  simplified  to: 

fo  =  Cm  [1  +  (a/b)2]  (h/a2)  104,  Hz  (4- 10b) 


where  Cm 


=  10.0  ±  1.0  Hz-in  for  glass  (see  Sutherland,  1968a) 

=  9.5  ±1.0  for  steel  (see  Sutherland,  1968a) 

=  5.2  ±  1.0  for  masonry  and  concrete  (see  Sutherland,  1968a) 
=  0.047  for  adobe  (Smith,  1986) 


4-22 


Most  building  walls  of  current  technology  other  than  solid  masonry,  concrete  or  adobe  are 
effectively  orthotropic  plates  with  a  different  stiffness  in  each  direction  and  cannot  be  treated  as 
uniform  plates.  While  expressions  are  available  to  define  resonance  frequencies  for  such 
structures  (Timoshenko  and  Woinowsky-Kreiger,  1959,  and  Sutherland,  1968a),  for  purposes 
of  this  report,  experimental  data  provide  a  more  convenient  and  potentially  more  reliable  basis 
for  estimating  typical  values.  Table  4-2  lists  representative  values  for  the  fundamental 
resonance  frequency,  dynamic  magnification  factors  at  midwall  locations  and  approximate 
surface  weights  of  typical  non-uniform  walls  measured  in  residential  buildings,  as  well  as 
values  derived  from  field  measurements  on  several  types  of  unconventional  structures.  In  one 
case  (King  and  Algermissen,  1987),  sufficient  data  were  available  to  provide  an  empirical 
expression,  indicated  in  Footnote  8  of  Table  4-2,  for  estimating  resonance  frequencies  of  7  to 
19  ft  free-standing  masonry  walls,  circa  1200  A.D.  as  a  function  of  height.  Note  that  the 
expression  was  selected  to  have  the  theoretically  expected  relationship  between  resonance 
frequency  and  the  inverse  of  the  square  of  wall  height.  However,  the  accuracy  of  this 
prediction  equation  is  limited  as  indicated  by  the  large  standard  deviation  in  the  regression 
constant  (i.e.,  466  ±127  Hz-ft2). 

4.3.2  Experimental  Data  on  Seismic/S tmctural  Response  to  Noise 

Two  types  of  experimental  data  on  seismic  responses  to  acoustic  excitation  are 
available:  (1)  seismic  motion  of  the  ground  itself,  and  (2)  structural  response  to  acoustically- 
induced  seismic  motion  at  its  base. 

4.3.2. 1  Experimental  Data  on  Seismic  Response  of  Terrain  to  Noise 

Data  on  the  vertical  ground  velocity  relative  to  the  local  acoustic  pressure  obtained  from 
a  number  of  studies  and  representative  results  are  summarized  in  Table  4-3.  The  data  include 
studies  of  nominally  steady-state  seismic  response  to  both  acoustic  noise  from  a  loudspeaker 
source  and  rocket  noise,  as  well  as  response  to  blast  and  sonic  boom.  The  measurements  of 
seismic  response  to  a  loudspeaker  source  exhibited  a  very  strong  dependence  on  frequency 
which  is  expected  for  the  complex  acoustic-seismic  transfer  function  for  a  layered  ground 
(Bass  and  Bolen,  1980).  The  peak  response  frequency  varied  by  about  40  percent  with 
changes  in  incidence  angle  of  the  sound  impinging  on  the  ground  so  that  no  one  single 
frequency  response  pattern  can  be  easily  defined  for  seismic  excitation  by  a  moving  aircraft. 
Furthermore,  no  such  frequency  dependence  was  found  from  analysis  of  data  on  seismic 
excitation  by  rocket  noise  at  launch  (Mickey,  et  al.,  1962)  nor  was  any  frequency  dependence 
required  to  predict  with  reasonable  accuracy  the  seismic  responses  observed  from  sonic  booms 
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Table  4-2 


Typical  Fundamental  Resonance  Frequencies,  fo,  Dynamic  Magnification  Factors,  Q 
and  Surface  Weights,  w  (Ib/ft2)  for  Some  Building  Walls 


_ _  Sample 

< - fo, 

Hz - > 

< - 

Q - > 

w,  Surface  Wt 

Type  of  Wall 

Size 

Mean 

Std.Dev. 

Mean 

Std.Dev. 

lb/ft2 

psi 

Conventional  Struc 

Wood  Frame  Wall 

tures 

40 

(1) 

16.7 

5.6 

23.0 

6.1 

5.0  (3) 

0.0347 

(Wallboard) 

Wood  Frame  Wall 

10 

0) 

15.7 

4.6 

10.4 

1.0 

9.75 

0.0677 

(Plaster) 

Wood  Frame  Wall 

4 

(2) 

15.2 

3.5 

NA 

5.4  (3) 

0.0375 

Brick  WaH 

1 

(2) 

12.3 

5.7 

NA 

66.7  (3) 

0.463 

Concrete  Block  Wall 

25.0 

NA 

38.0 

0.264 

Building  Stone 

5 

(3) 

NA 

NA 

NA 

NA 

110 

0.764 

Plaster  Ceiling 

3/4  in  thick 

2 

(1,5) 

14 

±1.1 

18.0 

±5.5 

9.74  (7) 

0.0677 

Metal  Wall 

(Industrial  Bldg)  4 

(3) 

14 

±3.4 

25 

1. 6-4.0 

0.0194  (avg) 

2.5  ft  Limestone  1  (4) 

26 

63.5  W 

0.441 

Block  Wall  (6  in  thick) 

3.5  ft  Limestone  1  (4) 

23 

102  (9) 

0.708 

Block  Wall  (9.6  in  thick) 

10  ft  Adobe  Wall  4  (5) 

11  2.8 

21 

±5.1 

148-228  (6) 

0.97-1.50 

(17  in  thick) 

6.9-19  ft  Masonry  12  (8) 

(See  Note  8) 

14.5 

±3.2 

180W 

1.25 

Walls 

10.5-12  ft  Adobe  12  (10) 

16.6  1.4  1 

Walls 

17-19  ft  Adobe  5  (10) 

) 

11.4  2.9 

16.7 

±4.2 

NA 

NA 

(1)  Data  from  Siskind,  et  al„  1980a,b 

(2)  Data  from  Siskind,  et  ai.,  1976 

(3)  Estimated  from  Sutherland,  1968a 

W  Data  from  Brumbaugh  (estimated  resonance  frequencies  consistent  with  measurements  of  vibration  response). 
(Data  obtained  at  prehistoric  Anasazi  site,  Grand  Canyon.) 

(5)  Data  from  Section  5  of  this  report 

Surface  weight  based  on  range  of  densities  for  adobe  of  98.5  lb/ft3  (Smith,  1986)  to  152.3  lb/ft3  (Brumbaugh) 
(7)  Surface  weight  of  roof  structure  (-6  psO  and  plaster  ceiling  (3.85  psf)  combined 

Data  from  King  and  Algermissen,  1987.  Masonry  walls  (-1200  A.D.).  Wall  resonance  frequency  data 
described  by:  f0(Hz)  -  [466  ±  127]  /  [h(ft)]2 

W  Surface  weight  based  on  density  of  Chaco  Canyon  masonry  wall  (approximately  1200  A.D.)  of  127  lb/ft3 
(Lekson,  1984) 

(10)  Data  from  King,  et  al.,  1988 
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Table  4-3 


Summary  of  Average  Measured  Values  for  the  Vertical  Peak  Ground  Velocity,  Vpk 
Relative  to  the  Local  Peak  Acoustic  Pressure,  Ppk 


Type  of  Ground 

Density 

Cd  (!) 

Vpk/Ppk.  (in./s.)/(psi) 

(Type  of  Source! 

Ref 

lb/ft3 

ft/s 

Mean  ±  St.  Dev. 

(al  (Continuous  Noise  or  Sine  SweeD) 

Silt  Loam 

(2) 

(106) 

345 

2.71  ±  1.0 

Loess 

(2) 

96.8 

740 

2.17 

Dredged  Sand 

(2) 

106.1 

890 

3.61 

Cape  Kennedy  (sand) 

(3) 

(115)* 

(800) 

1.0  ±200% 

Huntsville  (clay) 

(4) 

(115) 

(800) 

1.2  ±  1.0 

(b)  (Sonic  Boom.  Blast  or  Gunshot! 

Clay  Lake  Bed 

(5) 

(125) 

1970 

0.567±  0.034 

Rock  Outcrop 

(5) 

(180) 

6560 

0.42 1±  0.028 

Decomposed  Granite 

(5) 

(170) 

810 

0.3 13±  0.150 

Friable  Sandstone 

(5) 

158 

2165 

0.230 

Rock  Shelter 

(6) 

155 

(6560) 

0.20  ±  0.06 

Boulder  Field 

(6) 

110 

1480 

0.35 

Clay  Lake  Bed 

(7) 

0.77 

Nevada  Test  Site 

(8) 

115 

1000 

0.80  ±  0.5 

China  Lake 

(9) 

125 

1510 

0.92  ±  0.3 

Gravel-Sand-Silt  mix 

(10) 

(106) 

1725 

1.87  ±  0.1 

Snow  (10  in.  deep) 

(10) 

(14) 

1.60  ±0.2 

Snow  (4.6  ft  deep) 

(11) 

15.6 

2820 

1.84  ±  0.8 

Parentheses  signify  estimated  values. 

(!)  Cq  is  measured  or  estimated  dilatational  (compressional)  wave  speed  in  ground 
®  Bass  and  Bolen  (1980)  -  Loudspeaker  source 
Mickey,  et  al.  (1962)  -  Rocket  noise,  launch 
W  Eldred  and  Sutherland  (1965)  -  Rocket  noise,  static  test 
®  Goforth  and  McDonald  (1968)  -  Sonic  boom 
®  Battis  (1983)  -  Sonic  boom 
(7)  Cook,  et  al.  (1972)  -  Sonic  boom 
W  Merritt  and  Newmark  (1964)  -  Blast 

(9)  Mickey  and  Shugart  (1964)  -  Blast 

(10)  Albert  and Orcutt  (1989 -Gunshot 

(11)  Gubler  (1977)  -  Explosive  charge 
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(Goforth  and  McDonald,  1968).  Therefore,  it  will  be  assumed  for  this  study  that  the  ratios  of 
peak  velocity  response  to  peak  acoustic  pressure  in  the  following  table  are  independent  of 
frequency  in  the  low  frequency  range  of  interest. 

The  data  in  Table  4-3  were  separated  into  values  for  acoustic  excitation  of  the  ground 
by  (a)  quasi-continuous  noise,  and  (b)  an  impulsive  sound.  This  was  done  in  anticipation  of  a 
possible  difference  between  the  acoustic  admittances  for  the  two  cases,  since  the  first  type  of 
excitation  would  allow  a  possible  resonant  build-up  in  ground  vibration  as  compared  to  the 
transient  response  of  the  ground  to  an  impulsive  sound.  While  the  two  sets  of  data  appear  at 
first  to  show  evidence  of  such  a  trend,  a  more  detailed  evaluation  shows  that  the  values  of 
Vpk/Ppk  for  roughly  comparable  types  of  soil,  i.e.,  the  logarithmic  average  value  1.9 
(in/sec)/psi  for  the  loose  types  of  soil  in  part  (a),  and  the  value  of  1.87  (in/sec)/psi  for 
comparable  soil  type  (gravel-sand-silt  mix)  in  part  (b),  are  approximately  the  same. 

Thus,  a  design  value  for  Vpk/Ppk  of  1.9  (in/s)/psi  will  be  employed  to  estimate  the 
seismic  response  of  loose  soil  areas  (i.e.,  landslide  areas)  to  sonic  booms.  Based  on  the 
variance  in  the  data  in  Part  (a)  of  Table  4-3,  the  estimated  value  for  cjl  (the  standard  deviation 
of  the  log  of  this  admittance  value)  is  0.236  (4.7  dB). 

For  harder  ground  surfaces,  such  as  would  be  encountered  at  archaeological  sites,  one 
baseline  value  for  the  ground  admittance  would  be  0.33  (in/s)/psi,  which  is  the  average  for  the 
rock-type  materials  in  Table  4-3.  However,  for  conservatism  in  evaluating  these  sensitive 
locations,  the  geometric  mean  between  loose  soil  and  hard  rock  was  used  to  obtain  a  design 
value  of  V(  1.9)(0.33)  =  0.79  (in/sec)/psi.  The  value  of  gl  was  assumed  to  be  the  same  as  for 
loose  soils,  or  0.236. 

For  avalanche-prone  areas,  the  limited  but  consistent  data  in  Table  4-3  for  snow  were 
used  to  define  an  admittance  equal  to  an  average  of  1.72  (in/sec)/psi.  ctl  is  estimated  to  be 
0.16. 

4.3.2.2  Amplification  of  Building  Vibration  Due  to  Seismic  Excitation 

For  some  types  of  structures  (e.g.,  historic  structures  with  no  roof),  vibration  response 
due  to  excitation  by  acoustically-induced  seismic  vibration  of  the  ground  nearby  may  exceed 
the  direct  acoustically-driven  structural  vibration. 

At  the  estimated  resonance  frequency  of  any  historic  or  prehistoric  structure  which  has 
no  roof,  the  estimated  amplitude  of  vertical  seismic  ground  velocity  at  the  base  of  a  wall  is 


expected  to  increase  by  a  factor  of  about  6.5  (corresponding  to  an  increase  of  about  16  dB)  to 
account  for  the  amplification  of  vertical  vibration  at  the  base  of  a  structure  to  horizontal 
vibration  (normal  to  a  wall)  at  a  point  well  above  the  ground.  Amplifications  in  the  range  of 
1.4  to  ^0  have  been  observed  in  vibration  studies  of  archaeological  ruins  (King  and 
Algermissen,  1987).  The  amplification  factor  of  6.5  is  a  geometric  mean  of  these  observed 
amplifications  derated  by  75  percent  to  account  for  the  lower  horizontal  ground  vibration 
relative  the  vertical  ground  vibration  for  the  same  acoustic  loading  that  has  been  observed  in 
sonic  boom  tests  (Goforth  and  McDonald,  1968).  However,  subsequent  analysis  shows  that 
the  direct  acoustic  response  of  the  walls,  even  in  the  absence  of  roof  structure,  is  expected  to 
exceed  even  this  amplified  wall  motion  attributable  to  acoustically-induced  seismic  response  of 
the  ground  at  the  base  of  the  wall.  Hence,  seismic  excitation  of  buildings  or  prehistoric  walls 
to  sonic  booms  can  be  discounted  as  not  significant  when  compared  to  the  direct  acoustic 
excitation. 

4.3.2.3  Response  of  Wells  and  Water  Tanks  to  Seismic  Excitation  by  Sonic  Booms 

The  seismic  response  of  the  ground  surface  around  a  well  or  water  tank  located  on  the 
ground  can  be  determined  from  the  data  in  Table  4-3.  Below  the  ground,  the  seismic  vibration 
amplitude  response  has  been  observed  to  attenuate  rapidly  with  depth,  decreasing  by  a  factor  of 
75  (-37.5  dB)  between  the  surface  and  a  depth  of  44  ft  (Goforth  and  McDonald,  1968).  Thus, 
the  seismic  ground  vibration  responses  specified  in  Table  4-3  could  decrease  by  about 
(37.5/44)  or  0.8  dB  per  ft  below  the  surface  of  the  ground.  Since  this  figure  is  based  on  only 
one  data  point,  it  will  be  assumed,  conservatively,  that  a  design  value  for  vertical  attenuation  of 
seismic  vibration  is  0.5  dB  per  ft.  It  should  be  pointed  out  that  attenuation  of  seismic  vibration 
along  the  surface  of  the  ground  from  purely  mechanical  sources  would  be  much  less.  In  this 
case,  a  large  body  of  data  is  available  indicating  that  the  attenuation  rate  for  horizontal 
propagation  of  compressional  waves  varies  directly  with  frequency  and,  at  a  typical  structural 
resonance  frequency  of  20  Hz,  has  a  value  of  5.4  x  10'^  to  8.4  x  10‘3  dB  per  foot,  depending 
on  the  type  of  terrain  (White,  1965).  Although  very  small  indeed,  this  attenuation  rate  for 
horizontally-traveling  seismic  waves  is  still  much  greater  than  the  attenuation  of  acoustic  waves 
in  air  in  the  same  frequency  range.  Thus,  directly-coupled  acoustic  excitation  of  seismic  waves 
by  sonic  boom  is  generally  more  significant  than  ground-transmitted  seismic  waves  generated 
by  a  distant  sonic  boom  impingement  on  the  ground. 

In  summary,  seismic  stresses  on  buried  structures  such  as  wells  can  be  predicted  from 
Table  4-3  for  positions  near  the  ground  surface.  The  seismic  stresses  will  attenuate  rapidly 
below  the  surface  and  will  be  dominated  by  the  direct  excitation  from  an  incident  sonic  boom. 
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4.4  Damage  Threshold  Stress  Criteria  for  Unconventional  Structures 

To  review,  evaluation  of  potential  damage  to  unconventional  structures  as  a  result  of  the 
structural  response  estimated  according  to  the  models  outlined  in  the  preceding  sections  is 
accomplished  by  the  following  steps. 

( 1 )  Select  candidate  types  of  unconventional  structures. 

(2)  Define  the  overall  statistical  model  for  assessing  damage  potential 

(3)  Define  a  statistical  model  for  the  actual  exposure  of  structures  to  sonic  booms  from 
ACM  and  other  supersonic  training  operations 

(4)  Define  peak  stress  response  prediction  models  for  structures  exposed  to  this  sonic 
boom  environment 

(5)  Define  strength  or  damage  threshold  stress  values  for  unconventional  structural 
materials 

(6)  Systematically  apply  the  above  four  steps  to  estimate  damage  potential  for  each  type 
of  supersonic  operation  and  structure  based  on  the  overall  damage  assessment 
model  in  Step  2. 

Steps  (1)  through  (4)  have  already  been  carried  out  in  Sections  2  and  3,  and  the  preceding  parts 
of  this  section.  The  following  focuses  on  Step  (5).  First,  however,  it  is  desirable  to  address 
one  issue  not  considered  so  far,  that  of  the  potential  for  cumulative  damage  by  fatigue  effects 
from  prolonged  exposure  to  sonic  booms. 

4.4. 1  Fatigue  Considerations  in  Damage  Assessments 

The  ultimate  strength  of  many  materials  can  be  reduced  by  50  percent  or  more  after 
repeated  cyclic  loading  involving  a  complete  reversal  of  stress  (i.e.,  from  tension  to 
compression  and  back  again)  (Trapp  and  Forney,  1965).  While  a  rigorous  analysis  of  fatigue 
effects  was  not  feasible  within  the  scope  of  this  program,  it  is  felt  that  the  effect  of  fatigue  on 
damage  predictions  will  be  negligible  based  on  the  following: 

(1)  Every  effort  has  been  made  to  use  conservative  estimates  of  damage  threshold 
stress  levels  for  materials  in  order  to  at  least  partially  compensate  for  possible 
effects  of  fatigue  on  material  strength. 
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(2)  Some  brittle  materials,  such  as  glass,  seem  to  show  relatively  little  reduction  in 
strength  due  to  fatigue  (Kao,  1970),  at  least  when  exposed  to  repeated  sonic 
booms,  so  no  specific  reduction  in  strength  of  glass  due  to  fatigue  was 
considered.  However,  basic  strength  values  selected  for  glass  are  conservative. 

(3)  Limited  information  on  fatigue  of  unreinforced  and  reinforced  concrete  beams 
under  random  loading  (Chan,  1966),  indicates  a  complex  pattern  of  behavior 
under  such  loading,  including  a  reduction  in  strength,  due  to  fatigue,  to  35  to 
50  percent  of  the  ultimate  strength  for  a  one  time  static  load  after  about 
1  million  cycles  of  cyclic  random  loading. 

(4)  Finally  and  perhaps  most  important  for  fatigue,  consider  a  structure  located 
directly  under  the  center  of  an  ACM  area,  probably  the  worst  location  in  terms 
of  frequency  of  sonic  boom  exposure.  As  shown  in  Section  3,  the  maximum 
number  of  booms  per  day  for  the  WSMR  SOA  was  0.6.  Assuming  three  to 
four  cycles  of  stress  reversal  per  boom,  the  estimated  total  number  of  stress 
reversals  would  be  of  the  order  of  800  cycles  per  year,  indicating  a  very  low 
rate  of  fatigue  damage  accumulation.  Only  in  the  case  of  unconventional 
structures  that  area  already  close  to  a  failure  condition  would  such  a  low  rate  of 
intermittent  cyclic  loading  be  expected  to  be  significant 

In  summary,  even  with  the  small  number  of  cycles  of  sonic  boom-induced  stress  it  is  assumed 
that  over  a  30-  to  50-year  period,  fatigue  is  not  likely  to  be  a  significant  factor  in  the  assessment 
of  damage.  Exacerbation  of  damage  by  fatigue  may  become  significant  for  an  already  very 
fragile  structure  subject  to  damage  or  failure  from  application  of  almost  any  additional  stress, 
including  normally  occurring  dynamic  stresses  from  weather  effects  or  vibration  from  activity 
of  nearby  highway  or  rail  traffic  or  heavy  machinery.  Thus,  beyond  including  conservative 
values  for  the  damage  threshold  stresses  as  often  as  possible,  no  additional  specific  quantitative 
assessment  of  fatigue  effects  is  attempted  in  this  report 

4.4.2  Material  Strength  Data  Applicable  to  Damage  Prediction 

4.4.2. 1  Material  Strength  Data  for  Glass 

Only  limited  consideration  is  given  to  glass  damage  in  this  report,  since  it  has  been 
covered  thoroughly  before  (hershey  and  Higgins,  1976;  Haber  and  Nakaki,  1989).  However, 
statistical  data  on  glass  strength  or  failure  stress  are  perhaps  more  complete  than  for  any  other 
material,  and  thus  provide  a  useful  starting  point  for  this  section. 
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Unlike  any  of  the  other  structural  elements  considered  in  this  report,  "damage''  to  glass 
is  assumed  to  correspond  to  actual  failure  of  the  glass  pane.  Glass  panels  fail  under  dynamic 
or  static  pressure  loads  due  to  the  combination  of  bending  and  membrane  tensile  stresses  and 
their  interaction  with  stress-raising  surface  flaws  and  edge  constraints  (Beason  and  Morgan, 
1984). 


The  stress-strain  relationship  for  glass  becomes  very  non-linear  for  window  deflections 
greater  than  the  glass  thickness.  Overprediction  of  glass  failure  that  can  result  from  neglecting 
this  non-linear  behavior  will  be  at  least  partially  compensated  for  by  the  fact  that  used  or  older 
glass  panels  considered  in  this  study  have  a  lower  failure  stress,  as  indicated  by  the  following 
data. 

A  collection  of  failure  load  data  on  new  and  20  to  25  year  old  glass  panes  (Beason  and 
Morgan,  1984)  and  corresponding  stress  levels  estimated  according  to  a  conventional  linear 
model  (Roark,  1965)  and  nonlinear  model  (Seaman,  1967)  for  stress  response  of  panels  is 
provided  in  Table  4-4.  With  and  without  the  sample  of  132  panes,  25  years  old,  from  Anton, 
Texas,  the  logarithmic  mean  of  the  failure  stress  for  the  old  panes  is  about  1970  and  2940  psi 
respectively.  Although  the  132-pane  Anton  sample  was  larger  than  the  others,  the  difference 
between  the  mean  failure  stress  for  this  sample  and  the  mean  failure  stress  for  the  other  three 
sample  sets  was  too  large  to  have  occurred  by  chance  alone.  Therefore  the  Anton  data  set  was 
considered  atypical  for  older  glass  and  was  thus  discarded  for  analysis  in  this  report.  Thus,  a 
log  mean  failure  stress  for  old  glass  is  assumed  to  be  2940  psi.  For  analysis  purposes,  this 
failure  stress  is  rounded  to  two  significant  figures.  This  procedure  will  be  followed  for  all  final 
damage  analysis  criteria  to  reflect  practical  limits  on  accuracy  of  damage  stress  criteria.  This 
failure  stress  is  about  25  percent  of  the  log  mean  failure  stress  (11,600  psi)  for  new  glass 
(Hershey  and  Higgins,  1976)  observed  for  an  extensive  data  set.  These  strength  data  for  new 
glass  exhibited  a  log-normal  distribution  with  a  standard  deviation  of  ctl  of  the  log  of  failure 
stress  of  0.216.  Glass  in  historic  buildings  will  be  assumed  to  be  a  mixture  of  old  (uncracked) 
glass  and  already  cracked  glass.  A  more  detailed  discussion  of  glass  strength  for  old  and  new 
glass  is  also  provided  in  Sutherland,  1989. 

To  summarize,  window  glass  in  maintained  structures  will  be  assumed  to  be  "used" 
with  a  mean  strength  of  2900  psi.  The  strength  of  glass  in  historic  buildings  will  be  assumed 
to  correspond  to  that  of  already  cracked  glass  with  a  strength  of  0.1  x  1 1,600,  or  1200  psi. 
The  standard  deviation,  of  the  log  of  the  strength  for  both  categories  of  glass  panes  will  be 
assumed  to  be  the  same  as  that  for  new  glass  or  ±0.216  (±4.32  dB). 
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Table  4-4 


Comparison  of  Failure  Load  and  Estimated  Failure  Stress  of 
Old  vs.  New  Glass  Window  Panes  of  Thickness  h  and  Side  Dimensions  a,  b 
(Data  from  Beason  and  Morgan,  1984) 


P,  Failure  Load 

Estimated  Failure  Stress 

Age 

Sample 

h 

a 

b 

(Mean  ±  S.D.) 

Linear^ 

Nonlinear  (5) 

Sample 

Years 

Size 

in. 

in. 

in. 

psf 

psi 

psi 

GPL  (1) 

20 

20 

.2128 

28.5 

60.5 

79  ±  23.3% 

6,100 

1,790 

GPL  (1) 

20 

20 

.2128 

28.5 

28.5 

168  ±  22.3% 

6,105 

3,370 

Dallas  (2) 

20 

22 

.125 

16.25 

19.75 

229  ±  27% 

10,480 

4,210 

Anton  (3) 

25 

132 

.25 

14 

36.25 

134.3  ±25.1% 

L211 

595 

Log  Mean  (all  samples) 

5,245 

1,970 

Log  Mean 

(without  Anton  samples) 

7,270 

2,940 

New 

0 

NA 

.125 

16.25 

19.75 

427.7  ±18.1% 

19,575 

6,205 

Average  ratio  of  failure  stress 


f  (linear  model)  j 
1  (nonlinear  model)  1 


r  3.15, 

1  2.66, 


new  glass 
old  glass 


Notes: 

(1)  Samples  from  GPL  Building,  Lubbock  Texas  (from  Building  Renovation) 

(2)  Samples  from  Johnson  Chevrolet  Building,  Dallas  Texas  (from  Building  Renovation) 

(3)  Samples  from  Public  School  Building,  Anton  Texas  (from  Building  Salvage) 

(4)  Stress,  a  (failure)  =  K-  P  •  (a/h)2,  where  K  =  function  (a/b),  linear  model  (Roark,  1965) 

Note  that  this  relationship  between  the  factor  K  and  the  panel  aspect  ratio  for  this  linear 
stress  prediction  equation  is  more  complex  than  has  been  assumed  by  others  (Hershey 
and  Higgins,  1976;  Haber  and  Nakaki,  1989)  and  correctly  predicts  stresses  which  are 
15%  to  50%  higher  for  a  simply  supported  plate  with  aspect  ratios  of  1: 1  and  less  than 
0.2  respectively  than  the  incorrect  equation  utilized  in  these  prior  studies. 

(5)  Stress,  a  (failure)  computed  from  non-linear  theory  (from  Seaman,  1967) 

q  =  4.93  Sb  +  0.0329  Sb3 
where  q  =  P(a/h)4/E,  nondimensional  load 

Sb  =  <J(a/h)2/E,  nondimensional  bending  stress 
P  =  Static  Pressure  Load 
E  =  Young's  Modulus 


To  estimate  the  probability  of  failure  of  glass  panes  of  different  sizes  and  thicknesses, 
only  one  of  five  different  categories  of  window  used  in  Haber  and  Nakaki,  1989  are  employed 
for  this  report.  The  basic  dynamic  characteristics  of  these  five  categories,  including  their 
estimated  fundamental  resonance  frequencies  are  given  in  Table  4-5.  Note  that  estimates  of  the 
resonance  frequency  according  to  Haber  and  Nakaki,  1989  and  Eq.  (4-10)  are  in  close 
agreement.  The  category  selected  for  this  study  as  realistic  for  historic  buildings  was  Category 
B,  a  2  to  10  sq.  ft  window.  The  latter  value  for  Category  B  was  used  for  this  report. 

4. 4.2.2  Material  Strength  Data  for  Plaster,  Masonry  and  Adobe  Walls 

Damage  criteria  for  maximum  partial  velocity  of  the  ground  near  masonry  structures 
(e.g.,  stone,  concrete  and  brick)  subject  to  damage  from  blasting  operations  and  data  from 
static  load  tests  on  such  walls  provides  the  following  estimates  of  failure  (or  damage)  stress 
values.  These  data  are  summarized  in  Table  4-6. 

The  Level  of  Damage  classification  indicated  in  Table  4-6  is  taken  from  the  following 
universal  classification  scheme  used  for  assessing  damage  from  blasting  operations  (Siskind, 
1980): 

Threshold  =  Loosening  of  paint;  small  plaster  cracks  at  joints  between  construction 
elements  (i.e.,  bricks,  wall  panels,  etc.);  lengthening  of  old  cracks. 

Minor  =  Loosening  and  falling  of  plaster,  cracks  in  masonry  around  openings  near 
partitions;  hairline  to  3-mm  cracks  (0  to  1/8  inch);  fall  of  loose  mortar. 

Major  =  Cracks  of  several  millimeters  in  walls;  rupture  of  opening  vaults;  structural 
weakening;  fall  of  masonry,  e.g.  chimneys;  load  support  ability  affected. 

The  data  in  Table  4-6  provide  the  basis  for  the  following  design  values  for  the  average  damage 
stress  levels  for  building  stone,  concrete  block  and  brick  walls. 

The  damage  stress  threshold  for  relatively  new  building-stone  walls  is  estimated  from 
Table  4-6  to  be  280  psi  and  the  corresponding  standard  deviation  ctl  of  the  log  of  the  average 
damage  stress  is  estimated  to  be  ±0.214.  This  is  the  rms  sum  of  the  corresponding  values 
(0.092,  0.15  and  0.12)  for  the  standard  deviations  of  the  logs  of  the  three  terms,  K$,  (E/Cl) 
and  Vpk  that  define  the  calculated  damage  stress  for  building  stone  based  on  a  threshold  value 
for  blast  damage  peak  velocity,  Vp^.  In  the  absence  of  any  known  sources  of  actual  damage  or 
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Table  4-5 


Size  Categories  and  Associated  Parameters 
Used  in  Evaluation  of  Potential  Window  Damage 


Category^) 

Area 

h 

Thickness 

Surface  Wl 

ft2 

inches 

psi 

A 

0-2 

3/32 

.00814 

B  (6) 

2-10 

3/16 

.0163 

C 

10-50 

1/4 

.0217 

D 

50-100 

5/16 

.0271 

E 

>100 

3/8(5) 

.0326 

a® 

fo<3> 

S.D.W 

a/h 

inches 

H2 

Hz 

- 

14 

95 

96 

0.138 

149 

25 

60 

60 

133 

57 

18 

15.4 

228 

100 

6 

6.2 

320 

120 

4 

5.2 

f 

320 

(ri  From  Haber  and  Nakaki,  1989. 

®  Assumed  length  or  width  of  square  plate. 

®  Computed  from  Eq.  (4-10).  (For  evaluation  purposes,  the  resonance  frequencies  for 
Categories  A  and  B  windows  were  assumed  to  be  100  and  63  Hz  respectively.) 

W  Estimated  Standard  Deviation  of  Log  (f0)  based  on  range  specified  in  Haber  and 
Nakaki,  1989. 

(5)  Thickness  for  this  category  increased  from  5/16  inch  in  Haber  and  Nakaki,  1989  to 
3/8  inch  to  be  consistent  with  maximum  allowable  ratio  of  a/h  of  about  330  from 
Uniform  Building  Code  for  windows  of  this  size  (Seaman,  1967). 

®  Category  selected  for  this  report  for  historic  buildings. 


4-33 


Table  4-6 


Summary  of  Estimated  Failure  or  Damage  Stress  Values  for  Various  Types  of  Masonry  Walls 
Based  on  (a)  Blast  Damage  Criteria  and  (b)  Static  Test  Data 


Type  of  Thickness 

Masonry  Wall  in. 

Level 

of 

Damage!5) 

Peak 

Velocity 

in/sec 

E/Cl 

psi/in/s 

Estimated 

Stress!4) 

psi 

(a)  Blast  Damase  Criteria 

Stone  and  Mortar 

18-24 

None 

3.4  ±  1.3 

48.2  ±  12.5 

220  ±  1 10 

Basement  Walls  (!) 

18-24 

Minor 

10.3 

665  ±  175 

Stone  and  Mortar  O) 

NA 

None 

3.4 

220  ±  58 

NA 

Threshold 

4.5 

284  ±  75 

NA 

Minor 

7.0 

452  ±  118 

NA 

Major 

10.0 

646  ± 168 

Concrete  Block  W 

8-10  * 

None 

3.0 

13.1  ±  6.5 

53  ±  27 

8-10 

Threshold 

3.0+ 

53  ±  27 

7-9 

Threshold 

10.0 

176  ±  87 

Brick  Wall  0) 

4 

Threshold 

>12(6) 

17.2  ±  4.8 

>280  ±  77(6) 

Level 

Peak 

P 

Estimated 

Type  of  Thickness 

of 

Velocity 

Static 

Load 

Stress 

Masonry  Wall 

in. 

Damage!4) 

in/sec 

psi 

psi 

(b)  Static  Test  Data 

Brick  Wall  (2) 

4 

First  Cracks 

NA 

0.418  ±  153% 

Brick  Wall  (3) 

6-8 

NA 

NA 

0.528  ±410% 

4-8 

Average 

0.473 

55  (7) 

Brick  Wall  1:3  mortar<8)  4-8 

Failure 

NA 

NA 

18.5  ±10.3!8) 

Brick  Wall,  high  bond 

mortar  (8)  4-8 

Failure 

NA 

NA 

190  ±  84(8) 

H)  Stagg,  et  al.,  1984 

(2)  Hershey  and  Higgins,  1976,  average  for  two  samples  of  four  different  walls  with  low  strength  (1:1:4  mix) 
and  high  bond  mortar. 

Average  for  four  mortar  mixes,  low  to  high  strength  (Appendix  B). 

Estimated  damage  stress,  in  psi,  a  =  Ks  •  (E/Cl)  =  48.2  psi/(in/sec)  for  typical  masonry  walls  (see 
Table  4-1  and  text  in  Section  4.2.1). 

(5)  Level  of  damage  as  defined  in  Uniform  Classification  Scheme  (Siskind,  et  al.,  1980b) 

l6’)  Esumated  based  on  Peak  Strain  >  160  |i  in/in  (Stagg,  et  al.,  1984),  E  =  1.72  x  10^  psi  and  Ks  =  1.34. 

(7^  Estimated  based  on  a  =  K(a/h)2P  and  K(a/h)2  »  116  for  4  ft  x  8  ft  brick  wall  test  specimen  (see  Eq.  4-11). 
(8)  Yokel,  et  al.,  1971,  estimated  stress  is  actually  computed  modulus  of  rupture  assuming  partial  end  fixity. 
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failure  stress  data  for  historic  (unoccupied  but  maintained)  and  prehistoric  stone  masonry 
buildings  or  partial  building  segments,  such  as  free-standing  walls,  it  was  assumed  that  the 
damage  threshold  stress  would  be  respectively  one  and  two  standard  deviations  (in  terms  of 
logarithms  of  the  stress)  below  that  for  current  building-stone  walls.  The  resulting  values  were 
170  and  100  psi  respectively  for  historic  and  prehistoric  stone  masonry  walls.  These  are 
considered  reasonably  conservative  values  since,  in  fact,  some  stone  masonry  structures 
constructed  by  early  Americans  (the  Anasazi)  in  the  11th  century  are  still  standing,  often  in 
remarkably  good  condition  (Lekson,  1984). 

For  concrete  block  walls,  the  average  of  the  two  values  for  damage  threshold  stress  in 
Table  4-6  is  approximately  120  psi.  In  the  absence  of  more  complete  data,  it  was  assumed  that 
the  standard  deviation,  <?l  of  this  damage  threshold  stress  for  concrete  blocks  is  the  same  as  for 
building  stone,  ±0.214  (±4.28  dB). 

For  brick  walls,  the  log  mean  damage  threshold  stress  was  estimated  to  be  55  psi  for 
the  first  two  data  sources  identified  in  Table  4-6.  This  estimate  is  based  on  the  computed  stress 
(Roark,  1965)  for  the  average  damage  threshold  (i.e.,  first  appearance  of  cracks  in  the  joints) 
for  a  static  load  of  0.473  psi.  The  average  static  damage  loads  for  the  two  sets  of  data  differ  by 
only  26  percent.  However,  it  should  be  noted  that  within  each  data  set,  there  was  a  very  large 
range  in  the  values  of  static  load  for  failure  or  damage  of  bricks  walls  -  a  variation  as  much  as 
±400  percent.  This  wide  range  is  due  to:  (1)  real  differences  in  the  strength  of  brick  walls  as  a 
function  of  their  geometry  and  type  or  mix  of  mortar,  and  (2)  the  complex,  potentially  inelastic 
behavior  of  brick  walls  under  severe  lateral  loads  (Yokel,  et  al.,  1971).  As  cracks  develop  in  a 
masonry  wall  from  large  lateral  loads,  the  wall  may  no  longer  behave  elastically  (Stagg,  et  al, 
1984),  so  that  estimated  stress  values  based  on  linear  stress  response  theory  can  be  suspect. 
For  historic  brick  buildings,  a  reduced  damage  threshold  stress  of  17  psi  was  assumed  that 
corresponds  to  the  estimated  strengths  for  older,  low-strength  mortar  brick  walls.  The  last  two 
entries  for  estimated  damage  stress  levels  for  brick  walls  are  actually  computed  values  for  the 
Modulus  of  Rupture  for  four  different  types  of  low  strength  (1:3  mortar  mix)  and  high  strength 
mortar  (Yokel,  et  al.,  1971).  Unfortunately,  this  parameter  is  not  a  reliable  measure  of  the 
actual  fiber  stress  in  a  structure  at  failure  (Eshbach,  1952).  A  large  statistical  data  base  was  not 
available  for  these  estimates  of  damage  threshold  stress  values  for  brick  so  it  was  assumed  that 
the  more  extensive  data  base  on  strength  of  adobe  bricks,  considered  below,  should  be  used  to 
define  ol  for  conventional  (fired  clay)  brick  walls.  The  resulting  value  is  ±0.239. 
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4. 4. 2. 3  Adobe  Walls 


For  adobe  walls,  data  from  static  loading  tests  conducted  on  approximately  Five  adobe 
bricks  of  various  types  from  each  of  58  manufacturers  (Smith,  1982),  provide  a  substantial 
statistical  data  base  for  the  static  load  strength  of  adobe  bricks  typically  about  10  x  4  x  14 
inches  in  size.  The  log  mean  compressive  strength  and  Modulus  of  Rupture  from  these  data 
were  400  psi  and  49  psi  respectively.  See  Figure  4-6  for  an  illustration  of  the  apparent  log¬ 
normal  distribution  for  the  reported  Modulus  of  Rupture  values  for  this  important  data  set.. 
The  corresponding  values  for  the  standard  deviation  of  the  log  of  the  Modulus  of  Rupture 
±  0.239.  However,  only  this  measure  of  statistical  variation,  cjl  of  ±0.239  was  considered 
useful  to  apply  to  adobe  structures  since,  as  noted  above,  the  Modulus  of  Rupture  is  not  a 
reliable  measure  of  actual  failure  or  damage  stress.  It  was  assumed,  in  the  absence  of  other 
data,  that  the  ratio  between  the  compressive  strengths  of  adobe  (400  psi  as  stated  above)  and 
conventional  (fired  clay)  bricks  (an  average  of  2565  psi  for  three  grades  of  conventional  brick 
according  to  Eshbach,  1964)  could  be  used  as  a  correction  factor, to  adjust  the  damage 
threshold  stress  of  brick  walls  of  55  psi  to  provide  an  estimate  for  the  damage  threshold  stress 
for  adobe  walls.  The  resulting  value  was  equal  to  (400/2565)-55  =  8.5  psi  (rounded  to  the 
nearest  0.5  psi).  Thus,  8.5  psi  is  taken  as  a  baseline  estimate  for  the  damage  threshold  stress 
for  an  adobe  wall  with  a  corresponding  value  for  the  standard  deviation  of  the  log  of  this  stress 
of  ±0.239.  This  baseline  value  for  the  strength  of  adobe  walls  was  considered  applicable  for 
current  construction. 

One  pair  of  data  points  was  also  available  (Smith,  1982)  for  the  Modulus  of  Rupture  of 
about  10  year  old  and  145  year  old  Terron  adobe,  a  particular  type  of  adobe.  For  this  particular 
set  of  data,  the  Modulus  of  Rupture  for  the  "new"  adobe  was  53  psi  and  20  psi  for  the  145  year 
old  adobe.  Based  on  these  two  data  points,  and  in  the  absence  of  any  other  information  on 
strength  of  old  adobe,  the  log  mean  strength  of  old  adobe  walls  found  in  historic  buildings  was 
assumed  to  be  equal  to  (20/53)  x  8.5  =  3.2  psi;  the  standard  deviation  of  the  log  of  the  strength 
was  assumed  to  be  the  same  as  for  new  adobe,  ±0.239.  For  prehistoric  adobe  buildings,  some 
of  which  are  centuries  old  and  at  least  partially  intact,  the  damage  threshold  stress  was  assumed 
to  be  equal  to  one  standard  deviation,  (in  terms  of  logarithms)  below  the  value  for  "old"  adobe 
or  3.2  10(-0.239)  =  1.8  psi.  Again,  the  same  value  for  Ol  of  ±0.239  (±4.78  dB)  was 
assumed  for  the  variation  in  log  of  damage  threshold  stress  for  these  very  old  structures. 
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Frequency,  Percent 


Log  [Modulus  of  Rupture] 


Figure  4-6.  Distribution  of  Logarithm  of  Modulus  of  Rupcure  for  58  Tests  of  Adobe  Bricks 
from  Various  Manufacturers  Compared  to  Theoretical  Log-Normal  Distribution 
(Data  from  Smith,  1982). 
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4.4.3  Material  Strength  Estimates  for  Wood  Frame  Buildings 


Interior  walls  of  wood  frame  historic  buildings  are  expected  to  be  either  plaster  or 
wood.  Damage  threshold  values  are  considered  for  such  walls  in  this  section. 

4.4.3. 1  Plaster  Interiors 

While  wood  frame  buildings  of  current  construction  will  normally  have  an  interior  wall 
finish  of  wallboard  (also  called  plasterboard  or  drywail),  it  is  assumed  that  interior  walls  of 
unconventional  historic  wood  frame  buildings  used  plaster  instead.  This  assumption  is 
consistent  with  actual  field  investigation  of  two  such  typical  structures  (Hershey  et  al.,  1975). 
This  structural  element  will  tend  to  be  the  most  susceptible  to  damage  when  such  buildings  arc 
exposed  to  sonic  booms.  The  basic  dynamic  stress  prediction  model  developed  in  Section  4.2 
is  strictly  applicable  only  for  homogeneous  walls  and  must  be  modified  to  predict  stress  and 
estimate  damage  probability  of  non-homogeneous  built-up  walls  such  as  used  for  standard 
wood  frame  construction.  For  the  same  reasons,  stress  in  such  panels  under  static  loads  must 
be  evaluated  differently  from  stress  in  homogeneous  plates  under  the  same  type  of  load.  The 
bending  stress  7  in  a  wall  or  equivalent  beam  under  a  static  load  is  equal  to  Me '/I  where  M 
is  the  bending  moment  associated  with  a  lateral  load  on  the  wall,  c’  is  the  distance  from  the 
neutral  bending  axis  to  the  outermost  fiber  (approximately  equal  to  one-half  the  wall  thickness), 
and  I  is  the  area  moment  of  inertia  for  a  unit  width  strip  of  the  wall.  This  relationship  can  be 
used  to  derive  the  following  basic  expression  for  stress  a  in  a  homogeneous  wall  (or 
equivalent  plate)  with  a  short  side  a  and  thickness  h,  under  a  static  pressure,  P: 

a  =  K  •  (a/h)2  •  P  (4-11) 

where  K  is  a  function  of  the  plate  aspect  ratio  (Roark,  1965)  with  a  value  of  about  0.75  for  a 
16  inch  by  96  inch  "plate"  corresponding  to  one  section  between  studs  of  a  standard  8  ft  wood 
stud  wall.  (Note  that  the  comparable  expression  in  Hershey  and  Higgins  [i.e.,  their  Eq.(l)] 
would  predict  K  =  0.486,  low  by  35  percent.)  For  a  non-homogeneous  (built-up)  wood 
frame  wall,  the  same  basic  expression,  a  =  Mc'/I,  can  be  used  to  show  that  the  maximum 
stress  under  static  loading,  which  occurs  at  the  inner  or  outer  surface  of  the  wall,  can  be 
defined  from  a  modified  version  of  Eq.(4-1 1)  equal  to: 

a  =  Kb  K  (a/h)2  P  (4-12) 

where  K,  a,  h  and  P  are  the  same  as  before  (h  being  the  total  thickness  of  the  wall)  and  the 
added  term  Kb  is  approximated  for  a  typical  wood  frame  wall  by: 
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(4-13) 


Kb 


^a^  (3nt/d  +  w'/a)  ^ 


where  a,b  =  short  and  long  sides,  respectively,  of  the  16"  x  96"  section  of  a  standard 
wood  frame  wall. 


n  =  1  or  2  for  a  wood  frame  wall  with  one  or  two  covering  surfaces  (i.e., 

exterior  only  for  a  typical  bam,  or  both  exterior  and  interior  covering  for  a 
typical  dwelling). 

t  =  the  thickness  of  the  inner  and  outer  surfaces  of  the  wall  (assumed  equal  to 
3/4") 

d  =  thickness  or  depth  (3  5/8")  of  a  2"  x  4"  framing  stud 

w '  =  width  (1  5/8")  of  the  stud. 


For  these  assumed  dimensions  of  a  typical  wood  frame  wall,  the  value  of  Kb  is  approximately 
27  for  a  wood  frame  wall  with  covering  (exterior  and  interior)  on  both  sides  of  the  wood  studs, 
and  50  for  n=l  (bare  studs  inside).  Thus,  Eq.  (4-12)  provides  one  way  to  estimate  damage 
stresses  in  building  walls  based  on  published  static  load  data  where  failure  load  is  only  given  in 
terms  of  the  static  pressure  on  the  wall. 

For  dynamic  loads,  the  same  basic  expression  relating  peak  stress,  apk  and  peak 
velocity,  Vpk,  given  by: 

apk  =  KS(E/CL)-Vpk  (4-14) 

is  still  valid.  However,  the  constant  K$  must  be  defined  by  the  general  expression,  c'/VI/A, 
treating  the  wall  as  an  equivalent  beam,  where  c'  can  be  taken  as  approximately  equal  to  half 
of  the  built-up  wall  thickness,  I  is  the  area  moment  of  inertia  of  a  unit  width  of  the  "beam"  and 
A  is  its  cross-section. 

Assuming  a  typical  2"  x  4”  x  8'  wood  stud  wall  with  studs  16"  on  centers,*  it  was 
shown  in  Section  4.2.1  that  for  external  and  internal  skin  coverings  3/4"  thick,  K$  has  a  value 
of  approximately  1.13,  and  for  no  internal  covering,  a  value  of  1.19.  As  discussed  earlier,  ctl 


*  A  change  in  the  spacing  to  24  inches,  more  representative  for  older  wooden  buildings,  does  not 
change  the  value  of  Ks  signficantly. 
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of  the  log  of  K$  will  be  assumed  to  be  zero  since  this  variance  will  tend  to  be  already  included 
in  the  variation  of  resonance  frequencies  of  walls. 

With  this  modified  relationship,  it  is  now  possible  to  relate  two  sets  of  data  on  damage 
thresholds  for  such  walls  for  historic  dwellings  -  one  set  defining  limiting  values  of  structural 
velocity  from  blast  damage  criteria  from  which  damage  threshold  stresses  can  be  calculated, 
and  the  other  defining  static  load  failure  stresses  in  the  interior  skin  materials  (e.g.,  plaster). 
This  same  process  has  also  been  applied  for  estimating  potential  damage  to  gypsum  board 
walls  of  conventional  structures  exposed  to  noise  from  low-flying  military  aircraft  (Sutherland, 
1989). 


Table  4-7  summarizes  the  recommended  criteria  for  peak  velocity  (or  displacement)  of 
structure  (or  of  the  adjacent  ground  surface)  to  prevent  damage  from  blasting  operations 
(Siskind,  et  al.,  1980b).  More  specific  criteria  suggested  by  the  same  Bureau  of  Mines  studies 
are  shown  in  Figure  4-7  for  typical  wood  frame  buildings  in  terms  of  damage  threshold  values 
of  peak  velocity  or  displacement,  measured  at  the  base  or  foundation  of  the  building,  as  a 
function  of  frequency  (Siskind,  et  al.,  1980a).  The  Bureau  of  Mines  test  data  also  showed  that 
at  a  typical  fundamental  resonance  frequency  of  interior  walls  (e.g.,  10-20  Hz),  the  peak 
vibration  at  the  center  of  a  wall  due  to  blasting  operations  was  about  2.5  times  the  vibration 
measured  at  the  base  of  the  structure  (Siskind,  et  al.,  1980b).  Thus,  to  a  first  approximation, 
threshold  levels  for  damaging  stresses  in  the  wall  materials  can  be  estimated  from  Eq.  (4-14) 
and  the  data  in  Table  4-7  or  Figure  4-6  but  accounting,  where  applicable,  for  the  higher 
vibration  at  the  wall  relative  to  the  particle  vibration  on  the  ground.  As  indicated  in  Table  4-7, 
many  separate  individuals  or  organizations  have  proposed  varying  criterion  levels  for  these 
vibration  parameters  for  different  types  of  structure.  The  criteria  listed  in  Table  4-7  that  are 
applicable  to  unconventional  structures  vary  by  a  factor  of  about  6  from  a  minimum  of  about 
0.08  inches  per  second  (2  mm  per  second)  to  0.5  inches  per  second.  Different  limits  on 
structural  velocity  are  recommended  by  some  organizations  according  to  the  type  or  historical 
importance  of  the  structure. 

However,  in  one  case  (King  and  Algermissen,  1987)  a  much  lower  velocity  of  0.004 
in/sec  (0.1  mm/sec)  is  recommended  for  sensitive  prehistoric  structures  exposed  to  seismic 
vibration  to  allow  for  an  amplification  of  vibration  by  a  factor  of  20  (as  estimated  by  the 
authors)  between  the  ground  at  the  base  of  a  wall  and  a  point  on  the  wall.  While  such  an 
amplification  is  feasible,  it  is  only  expected  to  occur  for  essentially  steady-state  vibration,  a 
condition  not  applicable  for  structural  response  to  sonic  booms.  All  of  the  other  displacement 
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Criteria  for  Maximum  Structural  Displacement  and  Velocities  to  Avoid  Damage  to 
Prehistoric,  Historic,  Sensitive  and  Conventional  Structures 


PARTICLE  VELOCITY,  m/sec 


10  '0 
FREQUENCY,  HZ 


Figure  4-7.  Safe  Levels  of  Blasting  Vibration  for  Houses  Using  a  Combination  of  Velocity 
and  Displacement  (from  Siskind,  et  ai.,  1980a). 


or  velocity  limits  listed  in  Table  4-7  are  believed  applicable  only  for  structural  response  to 
blasting  (and  sonic  boom)  and  correspond  to  limits  of  vibration  measured  on  (or  in)  the  ground 
or  at  the  base  of  a  structure  (Siskind,  1980b).  This  is  a  vital  point  relative  to  the  application  of 
the  data  in  Table  4-7  or  Figure  4-6  to  this  program.  It  should  also  be  pointed  out  that  for  such 
transient  excitation,  as  shown  earlier  in  Figure  4- 5c,  dynamic  magnification  of  the  structural 
response  (i.e.,  DAF)  for  blasting  is  expected  to  be  lower  than  the  DAF  for  sonic  booms  by  a 
factor  of  about  1.8  (Clarkson  and  Mayes,  1972)  due  to  the  differences  in  pressure  time  history 
between  blast  and  sonic  boom  overpressures.  Thus,  the  criteria  in  Table  4-7  and  Figure  4-5 
could  be  reduced  by  such  a  factor  of  1.8  to  be  more  realistic  for  application  to  sonic  boom 
damage  assessment. 

In  their  Table  22,  Hershey  and  Higgins  summarize  tensile  strength  data  on  a  variety  of 
plaster  materials,  from  which  a  log  mean  strength  of  140  psi  and  standard  deviation  of  the  log 
of  strength  of  0. 185  is  estimated.  In  their  interpretation  of  these  same  data,  Haber  and  Nakaki, 
1989,  estimate  log  mean  failure  loads  in  the  range  of  1 1  to  61  psf  for  various  types  of  interior 
and  exterior  plaster  walls.  An  average  value  for  these  failure  loads  for  plaster  walls  is  about 
28  psf  which  corresponds,  according  to  Eqs.  (4-12)  and  (4-13),  to  an  estimated  failure  stress 
for  a  3/8"  thick,  16"  x  86"  plaster  panel  of  150  psi.  Data  on  tensile  strength  of  3/8"  plaster 
beams  under  alternative  loads  indicate  failure  in  one  cycle  at  a  stress  of  300  psi  and  200  psi 
after  10,000  cycles  (Stagg,  et  al.,  1984).  Other  test  data  on  tensile  strength  of  plaster  mortar 
from  a  variety  of  sources  (summarized  in  Appendix  B)  indicate  a  range  of  tensile  strength  of 
165  to  350  psi.  Thus,  for  analysis  purposes,  the  average  of  the  lower  end  of  this  range  of 
failure  stresses  (e.g.,  140  to  165  psi)  or  150  psi,  will  be  used,  along  with  a  value  of  ±0.185 
(±3.7  dB)  from  the  Hershey  and  Higgins  statistical  data  on  mortar  strength  for  the  standard 
deviation  ol  of  the  log  of  failure  strength  of  plaster  walls. 

A  limited  correlation  can  be  drawn  between  these  static  failure  load  data  for  plaster  and 
the  statistical  data  shown  in  Figure  4-8  on  damage  threshold  values  for  ground  velocity  at  the 
base  of  structures  exposed  to  blasting  operations  (Siskind,  et  al.,  1980b).  Based  on  a  median 
velocity  of  about  5.3  in/sec  (measured  at  the  ground)  in  Figure  4-7,  a  value  for  K$  of  1. 19  (see 
Table  4-1)  and  an  average  value  of  18.2  for  E/Cl  for  plaster  (Table  4-1),  and  allowing  for  an 
amplification  between  the  ground  and  wall  vibration  of  2.5,  the  estimated  peak  stress  is  about 
(1.19M18.2K5.3M2.5)  =  290  psi. 

This  is  within  the  range  of  the  static  failure  stress  of  140  to  350  psi  indicated  above  for 
plaster.  On  this  basis,  the  peak  velocity  criteria  in  Table  4-7  and  Figure  4-7  are  believed  to  be 
reasonably  consistent  with  actual  material  strength  data  for  plaster.  (Note  that  Eq.  (4-14) 
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Damage  Probability,  percent 


Figure  4-8.  Probability  Damage  Analysis  of  Nine  Sets  of  Data  for  Typical  Residential  Walls 
Exposed  to  Vibration  from  Surface  Mine  Blasting  or  Mechanical  Shaker  Tests 
(from  Siskind,  et  al.,  1980b). 
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could  also  be  applied  to  estimate  damage  threshold  stresses  for  homogeneous  walls  such  as 
adobe  or  masonry,  and  can  then  be  compared  with  the  values  defined  earlier  in  Section 
4.4.2. 2.) 

4. 4. 3. 2  Wood  Interiors 

For  old  wood  frame  buildings  with  bare  wood  walls  inside,  Eqs.  (4-12)  and  (4-13)  are 
used  along  with  data  on  typical  failure  loads  (1.5  to  2  psi)  on  wooden  walls  (Appendix  B). 
The  constants  Kj,  and  K  in  Eq.  (4-12)  are  estimated  to  be  27  and  0.75  respectively  for  a  wood 
frame  7x4  stud  wall  with  an  interior  and  exterior  wood  skin  of  3/4"  panels  or  boards,  the 
estimated  log  mean  damage  threshold  stress  is  410  to  540  psi  for  current  construction.  The 
failure  stress  for  older  historic  buildings  is  arbitrarily  set  at  1  standard  deviation  below  the 
current  log  mean  value,  so  that  for  wooden  structures  the  design  value  for  damage  threshold 
stress  for  wood  walls  will  be  the  geometric  mean  of  the  above  range  (470  psi)  times  10"°^  or 
0.617  where  Ol  =  0.210  is  an  estimated  ol  for  wood  based  on  the  range  in  failure  loads.  This 
gives  an  estimate  of  as  =  290  psi. 

4.4.4  Material  Strength  Estimates  for  Metal  Frame  Buildings 

The  same  process  just  outlined  for  wood  frame  buildings  can  be  applied  to  the  type  of 
lightweight  metal  frame  utility  buildings  that  can  be  found  on  farms  or  in  industrial  plants. 
These  are  included  in  the  category  of  unconventional  structures.  Such  buildings  commonly 
have  vertical  metal  channel  "studs"  or  columns,  and  horizontal  stiffeners,  or  girts,  covered  by  a 
thin  corrugated  metal  skin.  For  a  minimum  form  of  such  construction  consisting  of  an  18  gage 
(0.049  inch)  steel  skin  supported  by  1.5  x  3  inch  channel  18  gage  steel  columns  spaced  16 
inches  on  centers,  the  factor  Kb  to  be  used  in  Eq.  (4-12)  to  define  the  peak  stress  in  a  16"  x 
96"  panel  section  of  such  a  wall  under  a  static  load  respectively  can  be  approximated  by: 

Kb  =  ( 7)2  /  [  (3t/d)  (l+w'/a)  +  t/a  )  (4-15) 

d 

where  a,b  =  the  short  (16  inch)  and  long  (96  inch)  sides  of  a  panel  section,  respectively 

t  =  thickness  of  the  metal  skin  and  channel  (0.049  inch) 

d,  w'  =  depth  and  width  of  channel  =  3  inches  and  1.5  inches  respectively. 

In  this  case,  Kb  has  the  value  of  635.  The  modified  value  for  the  constant  K$  in  Eq.  (4-12)  for 
such  metal  walls  is  0.89  (see  Table  4-1).  Using  Eq.  (4-12),  static  failure  loads  are  of  the  order 
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of  1.2  psi  for  such  a  wall  (Appendix  B)  or,  using  Eq.  (4-14),  estimated  peak  vibration 
velocities  for  dynamic  loads  at  damage  thresholds  are  estimated  to  be  about  35  in/sec. 
Applying  the  preceding  expression,  it  is  estimated  that  these  static  and  dynamic  loads  would 
produce  peak  stresses  of  about  4,000  and  4,700  psi  respectively.  Allowing  for  stress 
concentration  factors  of  of  2  to  4  which  would  be  typical  for  such  steel  structures  (Eshbach, 
1952),  the  resulting  peak  stresses  would  be  in  the  range  of  8,000  to  18,800,  values  which 
bracket  the  typical  maximum  allowable  working  stress  of  common  structural  steel  of  15,000 
psi,  but  which  are  well  below  the  ultimate  failure  stresses  of  structural  steel  of  about  49,000  psi 
for  cold-rolled  steel  or  33,000  psi  for  annealed  steel  (Eshbach,  1952).  Since  this  allowable 
working  stress  includes  a  factor  of  safety  to  insure  that  actual  stresses  are  well  below  ultimate 
failure  stresses,  15,000  psi  is  considered  a  suitably  conservative  design  value  for  a  damage 
threshold  for  typical  structural  steel  for  this  study.  This  stress  and  a  value  for  Ks  of  0.89  will 
therefore  be  used  herein  for  analysis  of  potential  damage  to  lightweight  steel  buildings.  In  the 
absence  of  more  definitive  data  on  the  variation  of  this  damage  threshold  stress,  from  the  above 
estimate  of  variation  (e.g.,  stress  concentration  factors,  etc.),  the  log  of  the  standard  deviation 
of  the  failure  stress  or  strength  for  metal  buildings  is  assumed  to  be  ±0.15  (equivalent  to 
±3  dB).  These  same  values  are  used  for  the  rough  estimates  of  potential  damage  to  radio 
telescopes  constructed  with  a  solid  metal  parabolic  reflector  as  discussed  in  Section  4.1.3. 

4.4.5  Estimated  Damage  Stresses  for  Seismicallv  Sensitive  Structures 

Structures  in  the  category  of  seismically  sensitive  structures  are  wells  and  water  tanks, 
early  American  archaeological  caves  or  rocks  with  valuable  pictographs  or  petroglyphs,  and 
snow  on  soil  slopes  subject  to  avalanches  or  landslides. 

4.4.5. 1  Wells  and  Water  Tanks 

For  wells  and  water  tanks,  only  elevated  empty  metal  water  tanks  are  considered 
potentially  susceptible  to  damage  from  all  but  very  low  altitude  supersonic  flights.  In  the  most 
extreme  case,  the  acoustic  pressure  loads  from  sonic  boom  will  be  much  less  than  the  average 
hydraulic  pressure  on  the  sides  of  wells  or  ground  mounted  stone,  masonry  or  metal  tanks 
containing  as  little  as  six  inches  of  water.  For  such  an  amount  of  water  in  a  well  or  tank,  the 
hydraulic  pressure  on  the  sides,  equal  to  the  water  weight  density  (62.4  lb/ft3)  times  the  water 
depth  would  vary  linearly  with  depth  from  zero  at  the  top  surface  of  the  water  to  ( 1/2)  •  62.4  = 
31 .2  psf  at  the  bottom  of  the  6  inch  water  depth.  Thus,  the  average  hydraulic  pressure  of  just  6 
inches  of  water  would  be  about  15  psf,  over  30  times  greater  than  the  average  sonic  boom 
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pressure  under  ACM  activity  in  the  WSMR  tests,  and  about  3.5  psf  higher  than  the  highest 
sonic  boom  pressure  (6  psf)  observed  in  these  tests  (see  Figure  3-8). 

For  empty  elevated  water  tanks,  typically  constructed  of  low  strength  sheet  iron  or 
galvanized  steel,  the  damage  stress  threshold  will  be  assumed  equal  to  a  value  of  1 1,000  psi 
based  on  an  estimated  reduced  strength  for  the  weaker  of  these  materials,  cast  iron,  resulting  in 
a  reduction  in  strength  comparable  to  that  assumed  above  for  structural  steel  to  allow  for  stress 
concentration  and  fatigue  effects.  Actual  ultimate  strength  of  cast  iron  lies  in  the  range  of 
20,000  to  40,000  psi  (Eshbach,  1952).  The  standard  deviation  ol  of  the  log  of  this  damage 
stress  will  be  assumed  to  be  the  same  as  for  structural  steel,  or  ±0.15  (±3  dB). 

4. 4.5. 2  Archaeological  Sites 

For  archaeological  sites,  one  estimate  of  the  damage  threshold  stress  is  provided  by 
assuming  that  the  stress  is  the  same  as  that  of  old  adobe,  or  3.2  psi.  A  second  basis  for  this 
important  strength  parameter  is  provided  by  the  most  conservative  criteria  for  critical  ground 
velocity  given  in  Table  4-7  (1  mm/sec  or  0.08  in/sec)  to  prevent  damage  from  blasting  to 
historic  structures.  This  is  used  in  Eq.  (4-14)  along  with  a  value  of  1  for  Ks  and  48.2  for 
E/Cl  for  stone  (see  Table  4-1).  This  gives  a  stress  of  3.9  psi.  An  average  value  for  the  failure 
stress  of  prehistoric  stone  walls  of  3.5  psi  is  therefore  used  for  analysis.  In  the  absence  of  any 
other  data  source,  the  standard  deviation  Ol  of  the  log  of  this  damage  stress  is  assumed  to  be 
0.239  which  is  the  same  as  the  value  obtained  for  the  substantial  set  of  measured  failure  data  on 
adobe  discussed  earlier. 

4.4.6  Avalanche  Sites  and  Landslide  Areas 

While  the  likelihood  of  triggering  a  dangerous  avalanche  or  landslide  by  sonic  booms 
from  most  supersonic  flight  operations  is  apparently  small,  the  potential  consequences  of  such 
an  event  justify  some  care  in  making  an  evaluation  of  this  possibility. 

Anecdotal  evidence  exists  to  the  effect  that  sonic  booms  have  been  used  to  intentionally 
trigger  unstable  snow  avalanche-prone  areas  in  Glacier  National  Park  (The  Seattle  Times,  9 
February  1960).  It  is  also  customary,  in  Switzerland,  to  cancel  supersonic  flights  of  military 
aircraft  over  avalanche-prone  areas  during  recognized  moderate  to  severe  avalanche  hazard 
conditions  (Rathe,  1986). 

However,  definitive  knowledge  of  the  magnitude  of  sonic  boom  pressures  required  for, 
and  probability  of,  triggering  avalanches  by  sonic  booms  is  extremely  limited.  A  previous 
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attempt  to  trigger  an  avalanche  by  sonic  boom  was  not  successful  (Lilliard,  et  al.,  1965)  due, 
apparently,  to  unsuitable  weather  conditions  for  avalanches  at  the  time  of  the  test.  A  more 
recent  effort  involving  20  flights  over  7  days  successfully  triggered  two  avalanches,  both  on 
the  same  day  (Perroud  and  LeComte,  1987).  Based  on  the  measured  peak  sonic  boom 
overpressures  of  about  12.5  psf  for  this  recent  test  and  the  estimated  seismic  coupling  factors 
for  snow  listed  in  Table  4-3,  the  estimated  shear  stress  for  avalanche  conditions  was  about 
0.08  psi.  Closely  related  information  is  available  (Gubler,  1977)  on  the  approximate  required 
blast  pressures  from  explosive  charges  used  to  trigger  avalanches.  Peak  pressures  on  the  order 
of  5  to  40  psf  are  indicated  by  the  latter  data  straddling  the  12.5  psf  figure  noted  above. 
However,  lower  sonic  boom  pressures  may  apply  for  two  reasons: 

(1)  The  sonic  boom  N-wave  may  generate  a  higher  effective  response  for  the  same 
peak  pressure  as  the  blast  wave  (evidence  to  this  effect  was  shown  earlier  in 
Figure  4- 5c. 

(2)  A  sonic  boom  carpet  pattern  would  expose  a  much  wider  area  than  is  possible 
by  maximum  explosive  charges  (approximately  2  kg  of  TNT)  allowable  for 
safety  reasons  for  avalanche  triggering. 

A  somewhat  similar  situation  exists  for  triggering  of  earth  slides  by  sonic  booms.  One  credible 
observation  of  a  slide  triggered  by  a  sonic  boom  was  reported  by  a  National  Park  ranger 
(Holbrook,  1980).  In  this  case,  however,  no  information  was  located  relative  to  explosively 
triggering  an  earth  slide  with  relatively  small  surface  charges  such  as  for  avalanches. 

The  magnitude  of  acoustic  pressures  required  to  trigger  an  avalanche  or  landslide  is  also 
esumated  on  the  basis  of  limited  experimental  data  on  avalanche  and  landslide  internal  stresses, 
supported  by  extensive  published  background  on  their  mechanics.  It  must  be  emphasized, 
however,  that  the  physical  mechanisms  involved  in  triggering  avalanches  or  landslides  are 
complex  and  are  not  fully  addressed  here  (Perla,  1980;  Terzaghi,  1950).  Rather  the  objective 
here  is  to  provide  a  reasonable  basis  for  evaluating  the  general  magnitude  of  the  potential 
hazard. 

4.4.6. 1  Snow  Avalanches 

Avalanches  can  be  divided  into  two  categories:  (a)  loose  snow  avalanches  involving 
common  and  frequently  harmless  sloughing  off  of  loose  snow  from  a  slope,  and  (b)  a  slab 
avalanche  involving  fracture  and  slipping  of  a  large  mass  of  snow  that  can,  depending  on  the 
size  of  the  avalanche,  result  in  major  damage  to  anything  in  its  path  (Forest  Service,  1968). 
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An  avalanche  occurs  when  external  forces  (including  simply  gravity)  cause  internal 
stresses  within  the  snow  mass  to  exceed  the  restraining  forces,  resulting  in  an  unstable 
condition.  A  basically  unstable  condition  is  reached  when  the  shear  stress  (normally  due  to  the 
component  of  gravity  parallel  to  the  slope)  exceeds  the  shear  strength  (Forest  Service,  1968). 
This  may  be  achieved  by  an  increased  snow  load  or  a  decrease  in  strength  (resulting  from 
weather-induced  changes  in  the  geophysical  structure  of  the  snow  (Perla,  1980).  The  shear 
stress  due  to  gravity  can  be  calculated  rather  simply  if  the  thickness,  mean  density,  and  slope 
angle  of  the  snow  slab  are  known  (Forest  Service,  1968). 

Avalanche  potential  depends  on  several  variables:  angle  of  slope  (see  Figure  4-9  for 
typical  range  of  slope  angles  for  slab  avalanche),  temperature,  depth  and  density  of  snow  (see 
Figure  4-10  for  relationship  between  density  within  a  slab  avalanche  and  the  stress  at  the 
interface  between  the  slab  and  the  remaining  snow),  ground  cover  under  the  snow,  i.e.,  natural 
snow  retention  capability)  and  grain  size  and  structure  of  snow  crystals. 

Avalanche  triggering  can  be  caused  by  a  change  in  any  of  these  variables  in  the 
direction  which  reduces  stability  of  the  snow  slope.  Stability  is  measured  by  the  ratio  of 
internal  shear  resistance  to  external  stress.  Triggering  can  also  be  caused  by  any  addition  to  the 
external  stress  caused,  for  example,  by  the  transient  pressure  of  a  skier  passing  over  a  section 
of  a  snow  bank  which  is  close  to  an  unstable  condition  or  by  the  pressure  of  an  explosive 
charge  intentionally  set  off  in  an  attempt  to  trigger  the  avalanche  (Forest  Service,  1968).  "It  is 
conceivable  that  a  much  weaker  sound  (than  that  produced  locally  by  an  artillery  blast  or  some 
other  explosive  charge)  could  trigger  a  slide  when  extreme  instability  exists"  (Forest  Service, 
1968).  This  is  the  case  of  concern  here  since  the  acoustic  pressures  associated  with  sonic 
booms  can  be  comparable  to  those  from  explosive  charges. 

Avalanches  occur  regularly  in  the  winter  time  in  certain  areas  in  the  U.S.  For  example, 
the  rate  is  as  high  as  about  90  per  year  along  U.S.  550  in  southwest  Colorado  (Armstrong  and 
Ives,  1976).  However,  due  in  part  to  attention  paid  by  Federal  and  State  personnel  to  safety  of 
winter  sports  activity  in  snow  areas,  these  avalanches  are  seldom  a  hazard  to  skiers.  Not  only 
is  avalanche  forecasting  improving  (Armstrong  and  Ives,  1976),  but,  where  necessary,  steps 
are  often  taken  to  trigger  an  avalanche  artificially  with  explosives  (Gubler,  1977)  on  an 
unstable  snow  slope  to  minimize  the  risk  of  an  unpredictable  avalanche  occurrence.  However, 
the  science  is  still  young  and  avalanche  hazards  still  remain  for  snow  recreationists. 

To  support  this  very  limited  analysis  of  the  potential  for  triggering  an  avalanche  or 
landslide  by  noise  from  sonic  booms,  the  additional  data  on  soil  and  snow  dynamic  properties 
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Figure  4-9. 
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Number  of  Slab  Avalanches  Versus  Bed-Surface  Inclination  9  (194  cases) 
(from  Perla,  1980). 


Figure  4- 10.  Shear  Stress  at  Bed  Surface  Versus  Bed-Surface  Density  (from  Perla,  1980). 
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listed  in  Table  4-8  were  collected  The  data  provide  specific  details  on  soil  and  snow  properties 
relative  to  prediction  of  the  possibility  of  triggering  an  avalanche  by  sonic  booms. 

4.4.6.2  Acoustic  Triggering  of  an  Avalanche 

The  strength  or  critical  shear  stress  as  at  the  failure  point  (i.e.,  initiation  of  an 
avalanche)  is  estimated  from  Figure  4-9  according  to  the  empirical  relationship  developed  by 
Perla,  1980,  between  this  stress  and  the  snow  density  p  (in  kg/m3)  at  the  surface  of  the  snow 
bed.  This  relationship,  illustrated  in  the  figure,  can  be  conveniently  expressed  in  terms  of  the 
stress  in  psi  as: 

CTS  =  1.45  •  10*6  [  p  (kg/m3)  ]2  ,  psi  (4-16) 

According  to  the  data  in  Table  4-8  and  Figure  4-9,  the  density  p  for  slab  avalanche 
areas  is  estimated  to  have  a  mean  value  of  about  210  kg/m3.  For  loose  snow  avalanches,  the 
corresponding  estimate  for  mean  density  p  is  77  kg/m3. 

Based  on  Eq.  (4-16),  these  correspond  to  failure  stresses  (or  strengths)  of  0.062  psi 
and  0.0087  psi  for  slab  avalanches  and  loose  snow  avalanches  respectively.  The  estimated 
failure  stress  of  0.062  psi  is  close  to  the  value  (0.08  psi)  derived  from  the  tests  by  Perroud  and 
LeComte  (see  Section  4.4.6).  The  standard  deviation  of  the  log  of  these  stresses  are  computed 
from  the  rms  value  of  the  sum  of  the  estimated  variances  for  the  regression  constant 
(1.45-10'6)  in  Eq.  (4-16)  (based  on  Figure  4-10)  and  the  density  p  for  the  two  types  of 
avalanches.  The  resulting  values  for  ol  are  0.33  for  slab  avalanches  and  0.25  for  loose  snow 
avalanches. 

4. 4. 6. 3  Landslides 

For  landslides,  the  critical  shear  strength  will  vary  widely  for  similar  reasons  as  for 
snow  avalanches  except  time  and  water  content  will  tend  to  replace  temperature  and  grain  size 
and  structure  of  snow  crystals  as  dependent  variables  (Terzaghi,  1950).  A  design  value  for 
this  critical  stress  was  made  from  estimated  shear  stresses  for  a  large  number  of  fissured  clay 
slide  areas  observed  over  many  years  in  England  (Skempton,  1948).  From  this  trend  over  time 
in  shear  stress,  illustrated  in  Figure  4-11,  a  minimum  value  for  the  shear  stress  was  estimated 
to  be  in  the  range  of  0. 1  to  0.35  metric  tons/ft2.  In  the  absence  of  more  complete  data,  the 
lower  end  of  this  range  of  shear  stress  for  landslides  in  fissured  clay  (0.1  metric  tons/ft2  or 
1.5  psi  is  used  as  an  estimated  shear  resistance  of  landslide  areas).  The  value  for  Cl  was 
estimated  to  be  0.18  based  on  the  range. 
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Figure  4-11.  Diagram  Showing  Gradual  Decrease  of  Shearing  Resistance  of  Stiff,  Fissured 
London  Clay.  The  curves  are  based  on  the  results  of  a  statistical  study  of  slope 
failures  in  the  London  area.  Each  curve  represents  a  different  locality.  (From 
Skempton,  1948.) 


These  estimated  values  for  the  shear  strength  of  snow  banks  and  earth  slopes  are 
believed  to  be  at  least  within  an  order  of  magnitude  of  correct  values  and  should  provide  the 
basis  for  reasonable  estimates  of  the  potential  for  triggering  avalanches  or  landslides  by  sonic 
booms.  Such  events  will  be  assumed  to  occur  when  the  acoustically  induced  peak  shear  stress 
ctpk  in  these  materials,  computed  according  to  the  procedures  specified  in  Section  4.3.2,  exceed 
these  shear  strengths. 

4.4.7  Summary.  Damage  Stress  Criteria 

This  last  section  completes  definition  of  the  basic  models  needed  to  estimate  stress 
response,  and  strength,  and  hence  potential  damage  for  unconventional  structures.  The  models 
have  sacrificed  precision  for  generality  to  allow  a  more  reasonable  basis  for  application  of  the 
predictive  models  to  cases  for  which  experimental  data  are  lacking.  The  next  section  presents 
results  of  an  experimental  program  designed  to  help  validate  some  aspects  of  the  models  and  to 
explore  techniques  for  detecting  or  documenting  potential  structural  damage. 
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5.0  EXPERIMENTAL  EVALUATION  OF  DYNAMIC  RESPONSE  OF 

UNCONVENTIONAL  STRUCTURES 

This  section  describes  the  experimental  portion  of  this  program  which  evaluated  the 
response  of  two  unconventional  structures  to  excitation  from  sonic  booms  generated  by  ACM 
activity.  The  following  procedures  were  employed  and  evaluated  during  these  tests: 

•  Acoustic  measurements  of  the  sonic  boom  environment. 

•  Mechanical  impedance  measurements  of  adobe  walls. 

•  Structural  response  measurements  of  various  structural  elements  of  these  two 
structures. 

•  Photographic  analysis  of  wall  cracks. 

Measurements  of  structural  response  to  sonic  boom  were  made  over  a  2V2  month  period  from 
February  to  April,  1989  at  two  different  historical  adobe  structures  at  White  Sands  Missile 
Range  (WSMR)  in  New  Mexico.  At  the  first  structure  the  system  was  installed  and  left  in 
place  for  4  weeks  of  data  acquisition,  while  at  the  second  structure,  2  weeks  of  data  were 
obtained.  During  these  two  periods  sonic  boom  pressure  levels  and  the  structural  response  of 
the  buildings  were  recorded.  The  two  structures,  although  both  adobe  houses,  were  distinctly 
different;  the  first  is  completely  enclosed  with  intact  doors  and  windows  while  the  second 
structure  is  in  poor  condition  missing  doors,  windows,  and  several  walls. 

The  structures  are  located  in  an  area  close  to  the  middle  of  the  Lava/Mesa  airspace 
within  the  WSMR  which  is  designated  as  a  supersonic  training  area.  An  extensive  series  of 
sonic  boom  measurements  were  also  carried  out  in  this  area  for  another  program  from  July 
1988  to  January  1989.  The  acoustic  data  from  these  earlier  measurements  are  contained  in 
Plotkin,  et  al.,  1989.  As  discussed  in  Section  3.0,  results  of  this  earlier  study  produced 
estimates  of  the  average  level  generated  by  sonic  booms  and  also  the  number  of  booms 
produced  per  day.  Figure  5- 1  illustrates  the  distribution  of  sonic  boom  impacts  over  the  area  of 
the  training  range  and  the  location  of  the  two  structures  examined  during  the  present  study. 

5.1  Structure  Description 

The  two  structures  instrumented  are  called  the  George  McDonald  Ranch  House 
(Structure  A)  and  the  McDonald  Brothers  Ranch  House  (Structure  B). 
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Measured  ACM  Day-Nighl  Average  C-  Figure  5-  lb.  Measured  ACM  Booms  Per  Day  in  I .ava/Mesa 

Weighted  Sound  Level  in  Lava/Mesa  Airspace  Airspace  (From  l'lutkin,  el  al.,  19R9). 

(From  Plotkin,  el  al.,  1989). 


5.1.1  Structure  A  Description 

The  George  McDonald  Ranch  House  is  located  west  of  the  Oscura  Mountains  at 
WSMR  as  illustrated  in  Figure  5-2.  Also  shown  on  this  figure  is  the  location  of  the  site  where 
weather  data  was  gathered  during  the  tests.  The  ranch  house  is  designated  as  a  National 
Historic  Site  because  of  its  use  as  the  location  for  the  assembly  of  the  trigger  for  the  first  atomic 
bomb  detonated  on  July  16,  1945  at  the  Trinity  Site,  which  is  approximately  2  miles  north- 
northwest  of  the  ranch  house.  The  ranch  house  was  first  built  in  1913  with  the  subsequent 
addition  of  two  north  rooms  in  1918;  in  1965  it  was  taken  over  by  the  National  Park -Service 
who  have  maintained  it  since  that  date  (McMullan,  1987) 

The  ranch  house  is  approximately  2  miles  north  of  a  test  site  cui^n^v  used  by  the 
Defense  Nuclear  Agency  (DNA)  for  non-nuclear,  high  explosive  effects  tests  conducted  since 
1981  (Smith,  1985;  McMullan,  1987).  For  some  of  their  tests,  the  DNA  have  reinforced  the 
structure  to  minimize  damage  from  blast  effects  from  overpressures  in  the  range  of  23  to  1 19 
psf,  which  is  well  above  the  range  expected  from  sonic  booms  overpressure  (Gambill,  et  al., 
1988).  Although  not  quantified,  it  can  be  assumed  that  the  structure  has  suffered  some  damage 
from  these  tests.  The  structure,  shown  in  Figure  5-3,  consists  of  18"  thick  adobe  brick  walls 
with  a  painted  plaster  covering  on  both  the  inside  and  outside  walls.  This  plaster  surface  is 
basically  intact  for  most  of  the  walls,  but  has  many  small  cracks  varying  in  size  and  length. 
The  low  pitched  roof  is  supported  on  a  wood  frame  resting  on  the  adobe  walls. 

5.1.2  Structure  B  Description 

Structure  B,  also  a  ranch  house,  is  shown  in  Figure  5-4  and  was  built  by  the  McDonald 
brothers  in  about  the  same  period  as  Structure  A.  It  is  of  a  similar  adobe  block  construction, 
but  the  house  has  not  been  maintained  and,  as  indicated  in  Figure  5-4,  is  in  poor  condition.  All 
doors  and  windows  are  missing  and  several  walls  are  gone.  The  roof  and  most  of  the  floors 
are  intact,  though  some  of  the  flooring  is  damaged.  The  house  has  been  used  as  a  haven  by 
small  animals  and  is  not  in  a  habitable  condition. 

5.2  Structural  Response  and  Acoustic  Measurement  Systems 

The  measurement  systems  were  designed  to  automatically  record  acoustic  and  structural 
response  data  from  single  events  resulting  from  sonic  booms  generated  by  aircraft  operating  at 
WSMR.  The  following  techniques  were  utilized: 
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Figure  5-3.  George  McDonald  Ranch  Mouse  (Structure  A) 


McDonald  Brothers  Ranch  House  (Structure  U) 


•  The  acoustic  signal  and  the  resultant  response  of  the  two  structures  were 
recorded  by  a  digital  data  acquisition  system.  The  system  was  activated  by  the 
acoustic  signal  (sonic  boom)  detected  with  a  microphone  placed  outside  the 
structure. 

•  The  arrival  direction  of  the  acoustic  signal  was  determined  by  three  SBM-1 
digital  acoustic  monitors. 

•  A  single  Boom  Event  Analyzer  Recorder  (BEAR)  system  was  utilized  to  define 
the  acoustic  signature  of  the  sonic  booms. 

Detailed  descriptions  of  these  sonic  boom  measurement  systems  are  provided  in  Plotkin,  et  al, 
1989. 

5.2.1  Acoustic  and  Structural  Vibration  Measurement  Instrumentation 

A  block  diagram  of  the  structural  response  system  is  shown  in  Figure  5-5.  The  system 
consists  of  several  transducers,  mostly  accelerometers,  that  are  interfaced  to  a  Compaq  Portable 
III  computer  through  a  16  channel  A  to  D  convener.  A  hard  disk  in  the  computer  with  a 
capacity  of  20  megabytes  could  store  store  up  to  100  single  events.  Each  event  stored  was  2 
seconds  long  at  a  sampling  rate  of  50,000  samples  per  second.  Each  sample  was  a  12  bit 
word,  therefore,  2  bytes  (1  byte  =  8  bits)  of  memory  were  required  per  sample,  allowing  10 
million  samples  to  be  stored  on  the  hard  disk.  T^e  computer  system  and  the  signal 
conditioning  equipment  (installed  in  Structure  A)  are  shown  in  Figure  5-6. 

Transducers  in  the  system  required  signal  conditioning  of  various  types  in  order  to 
provide  the  proper  signal  to  the  A  to  D  converter.  Each  type  of  transducer  was  interfaced  to  the 
system  as  follows: 

•  The  microphone,  a  GenRad  type  1971,  was  connected  directly  to  a  PCB  line  driver 
amplifier  which  obtained  its  power  from  the  coaxial  line  connected  to  the  interface 
board.  According  to  the  manufacturer's  specifications,  the  frequency  response  of 
the  microphone  itself  was  down  3  dB  at  2  Hz.  The  cut-off  frequencies  (3  dB 
down  points)  for  the  PCB  line  driver  amplifier  and  input  coupling  circuit  to  the 
interface  board  were  0.12  Hz  and  0.32  Hz,  respectively.  This  microphone  was 
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Figure  5-5.  Structural  Response  Measurement  System  Block  Diagram. 
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Figure  5-7.  Acoustic  Instruments  -  BEAR,  SBM-1  and  Microphones 
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placed  in  the  conical  windscreen  with  the  BEAR  and  SBM-1  microphones  as 
illustrated  in  Figure  5-7. 

•  Three  B&K  8306  accelerometers  with  built-in  amplifiers  were  attached  to  the 
interface  board  with  separate  coaxial  cables  for  signals  and  a  24  VDC  power 
supply. 

•  Four  Endevco  2242  accelerometers  were  connected  to  model  2735  charge 
amplifiers  which  were  in  turn  connected  to  the  interface  board. 

•  The  LVDT  was  driven  by  a  Validyne  CD- 19  Carrier  Demodulator,  which  translates 
the  displacement  between  a  cylindrical  transformer  and  a  movable  core  into  a  DC 
voltage. 

•  The  two  miniature  Vibrometer  accelerometers  have  built-in  amplifiers  and  are 
connected  directly  to  the  interface  board  which  supplies  power  to  them  on  the 
coaxial  line. 

•  The  Celesco  string  potentiometer  is  driven  with  the  Validyne  CD- 19  Carrier 
Demodulator  which  generates  a  voltage  proportional  to  displacement. 

The  interface  board  contains  several  custom-made  circuits  which  decouple  DC  power,  provide 
current  sources  for  the  microphone  and  some  of  the  accelerometers  amplifiers,  provide 

< 

additional  amplification  for  some  channels,  and  also  contains  the  trigger  circuit  and 
comparator.The  interface  board  was  connected  to  the  A  to  D  converter.  The  computer, 
interface  board,  and  the  necessary  power  supplies  were  housed  in  a  plywood  enclosure  to 
provide  some  protection  from  the  environment  and  from  casual  visitors  to  the  sites. 

Table  5-1  illustrates  the  assignment  of  transducers  to  the  computer  system  channels. 
These  same  transducers  were  utilized  for  the  acquisition  of  data  at  Structure  B.  This  table  lists 
the  primary  characteristics  of  each  instrumentation  channel  in  the  system.  Note  that  the  upper 
frequency  limit  of  all  channels  was  controlled  by  the  sampling  rate  of  the  A  to  D  converter, 
e.g.,  for  12  channels  and  a  rate  of  50,000  samples  per  second,  the  maximum  frequency  is 
50.000/12  =4167  divided  by  the  Nyquist  criterion  (2.56),  therefore  the  highest  observable 
frequency  would  be  4167/2.56  or  approximately  1600  Hz. 
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Instrumentation  Characteristics 
(Set-Up  in  Structure  A) 
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2)  Special  unmanned  sonic  boom  recording  systems. 


5.2.2  System  Operation 


The  system  was  set  up  to  record  data  for  a  selectable  time  period  when  the  acoustic 
level  exceeded  a  preset  threshold  level.  The  computer  program  ran  continuously  waiting  for  a 
trigger  created  when  the  acoustic  level  exceeded  a  threshold  level  of  1 10  dB  SPL.  When  the 
trigger  occurred,  the  computer  would  store  a  2  second  block  of  data,  which  included  a  selected 
number  of  samples  before  the  trigger  (usually  1000  samples).  When  the  program  was 
running,  data  were  written  to  two  16K  RAM  files  until  the  trigger  was  received,  at  which  time 
data  from  the  RAM  files  and  incoming  data  were  written  directly  to  the  hard  disk.  Recording 
the  pre-trigger  block  of  data  guaranteed  the  complete  signal,  i.e.,  single  event  signature,  was 
stored.  In  most  cases,  data  from  the  channels  recording  structural  response  data  occurred  after 
the  acoustic  signal.  Thus,  this  data  was  always  recorded.  Although  several  non-sonic  boom 
acoustic  events  were  recorded  during  the  study,  most  of  the  "real”  booms  were  accurately 
stored  together  with  the  mechanical  response  of  the  structure. 

5.2.3  Transducer  Mounting 

Due  to  the  fragile  nature  of  the  wall  surfaces  in  the  structure  where  measurements  were 
to  be  made,  transducers  were  usually  braced  against  the  wall  instead  of  being  firmly  bonded,  as 
is  the  common  practice.  Figure  5-8  illustrates  the  plastered  adobe  on  the  outside  of  Structure  A 
at  the  front  porch.  This  plaster  on  the  outside  of  the  house  was  quite  coarse  and  approximately 
3/4  inches  thick.  Inside  the  houses,  the  plaster  was  much  thinner,  less  than  1/4  inch. 
Figure  5-9  illustrates  a  typical  area  inside  Structure  B.  This  photograph  shows  both  the 
underlying  plaster  scratch  coat  and  the  finish  coat.  The  transducer  shown  is  a  Vibrometer 
accelerometer. 

Figures  5-10  and  5-11  depict  the  procedures  used  for  mounting  two  types  of 
transducers,  accelerometers  and  LVDTs.  In  order  to  prevent  damage  to  the  surfaces,  especially 
in  Structure  A  where  the  adobe  was  covered  with  plaster,  transducers  were  placed  in  direct 
contact  with  the  wall  and  held  in  place  by  a  soft  mounting  brace  which  ensured  firm  contact 
with  the  wall  but  did  not  add  any  significant  stiffening  to  the  wall.  A  similar  type  of  procedure 
was  used  for  mounting  a  vibration  exciter  to  the  wall  for  mechanical  impedance  measurements. 
The  mounting  procedures  were  evaluated  in  the  laboratory  as  described  in  Section  5.2.4. 1. 
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Figure  5-9.  Fluster  and  Adobe  on  Inside  Wall  of  Structure  B 


Accelerometer 


Floor 


Figure  5-10.  Side  View  of  Mounted  Accelerometer 


Figure  5-11.  Top  View  of  Mounted  LVDT 


5.2.4  Mechanical  Impedance  Measurements 

In  exploring  possible  methods  used  for  evaluating  pre-  and  post-exposure  conditions  of 
wall  surfaces,  mechanical  impedance  tests  were  conducted  on  at  least  two  locations  on  each  of 
two  walls  of  the  two  test  structures.  The  mechanical  impedance  of  a  surface  is  the  ratio  of  the 
input  force  to  the  resultant  velocity  of  the  surface.  The  impedance  was  investigated  through 
trial  evaluations,  with  both  a  sinusoidal  sweep  or  an  impulse  input.  This  task  was  complicated 
by  the  fragile  nature  of  the  wall  surfaces.  The  plaster  coating  was  variable  in  thickness  and  it 
did  not  uniformly  adhere  to  the  adobe,  thus  there  were  pockets  covered  with  very  thin  layers  of 
plaster  which  could  easily  be  fractured.  The  intent  was  to  see  if  gross,  readily  observable, 
changes  in  point  input  impedance  would  appear  as  a  result  of  sonic  boom  damage.  Such  an 
impedance  measurement  does  not  attempt  to  simulate  sonic  boom  loading  but  may  serve  to 
detect  surface  or  buried  flaws  in  a  structure. 

5.2.4. 1  Sinusoidal  Response 

To  determine  the  point  input  mechanical  impedance  of  the  adobe  wall  to  a  sinusoidal 
force  input,  a  drive  was  provided  by  a  mass-loaded  electrodynamic  transducer  which  was 
originally  a  hi-fi  system  driver.  This  unit  was  designed  to  "attach"  to  a  wall  and,  when  driven 
by  a  power  amplifier,  the  wall  would  generate  the  sound  To  measure  the  response  of  the  wall, 
an  accelerometer  was  mounted  adjacent  to  the  driver.  Prior  to  the  field  test,  experiments  were 
conducted  in  the  laboratory  to  determine  the  frequency  response  (measured  by  the 
accelerometer)  using  either  resilient  or  hard  mounting  for  both  the  driver  and  the  accelerometer. 
Resilient  mounting  was  based  on  bracing  the  transducers  against  the  wall  with  a  polyurethane 
foam  block.  The  hard  mount  for  the  driver  was  a  steel  stud  in  the  wall;  the  acclerometer  was 
bonded  to  the  wall  for  a  hard  mount. 

The  two  mounting  configurations  (i.e.,  driver  hard-  and  soft-mounted;  accelerometer 
hard-  and  soft-mounted)  were  tested  and  the  frequency  response  characteristics  for  each 
configuration  were  compared.  For  the  first,  with  the  driver  hard-  and  soft-mounted,  as  shown 
in  Figure  5-12,  between  the  lowest  observable  frequency  of  200  Hz  and  up  to  approximately 
1200  Hz,  the  difference  in  response  is  less  than  ±3  dB.  With  the  driver  hard  mounted  on  the 
wall,  a  comparison  between  the  accelerometer  hard  mounted  (attached  to  an  accelerometer  pad 
bonded  to  the  wall)  and  pressed  against  the  wall  with  the  resilient  mount,  the  frequency 
response  was  compared.  For  frequencies  below  1,000  Hz,  of  primary  concern  for  this 
program,  the  difference  was  also  less  than  ±3  dB. 


reipiency  Response  Variations  Between  Driver  atul  Accelerometer  Mounting  Configurations 


5. 2. 4. 2  Impulse  Response 

An  impedance  hammer  was  constructed  to  provide  an  impulsive  input  to  the  wail.  A 
common  machinists  hammer  was  modified  by  attaching  a  force  gage  and  accelerometer  to  the 
head.  The  rwo-sided  hammer  head  was  approximately  1  inch  in  diameter  with  plastic  sections 
on  each  face.  A  PCB  231 A  force  link  transducer  was  attached  to  one  face  and  a  Endevco 
2242C  accelerometer  was  attached  to  the  other.  Each  transducer  was  interfaced  to  an  Endevco 
charge  amplifier  to  provide  signal  conditioning.  The  wall  surface  was  tapped  lightly  with  the 
force  gage  and  the  response  from  both  transducers  was  recorded  by  the  digital  system. 
Measurements  were  made  of  the  impedance  and  the  response  at  nearby  wall  positions  where 
accelerometers  were  located.  Figure  5-13  illustrates  the  impedance  hammer  and  Figure  5-14 
shows  two  accelerometers  braced  against  a  wall  in  Structure  A. 

5.2.5  Structural  Response  Measurements 

The  structural  response  measurement  system  was  set  up  at  each  house  in  a  fashion  that 
would  allow  sonic  boom  response  data  to  be  recorded  automatically  for  over  2  days.  For  each 
of  the  structures,  a  BEAR  sonic  boom  monitor  was  set  up  outside  the  house  to  record  the 
waveform  of  each  boom  received.  One  SBM-1  monitor  was  located  adjacent  to  the  structure; 
one  unit  was  located  1  mile  north  of  the  house;  and  the  third  unit  was  located  1  mile  west. 
These  three  units  were  time-synchronized  and  were  used  to  determine  the  direction  of 
propagation  of  the  booms. 

Except  for  a  few  instances,  the  structural  response  measurement  system  was  serviced 
daily.  The  primary  limitation  for  system  operating  time  was  the  operation  of  the  power 
generator.  The  generator  provided  approximately  1800  watts  at  120  VAC,  although  only  about 
500  watts  was  needed  most  of  the  time.  An  auxiliary  20  gallon  fuel  tank  was  added,  that 
allowed  over  two  days  running  time.  Two  days  was  also  the  limit  for  the  oil  in  the  motor 
which  would  cause  the  motor  to  shut  down  when  too  low.  In  total  however,  very  few 
problems  were  met  with  the  system. 

Structure  A 


The  computer  and  most  of  the  signal  conditioners  were  set  up  in  the  house,  which 
remained  closed  and  locked  during  all  measurements.  The  motor  generator  was  set  up  outside 
the  stone  wall,  north  of  the  house.  The  wall  and  house  provided  enough  attenuation  to  prevent 
any  interference  with  the  acoustic  systems  which  were  deployed  south  of  the  house.  At  the 
location  of  the  microphones,  the  generator  was  almost  inaudible. 
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Figure  5-15  illustrates  the  floor  plan  of  Structure  A,  with  the  rooms  numbered  and  the 
locations  of  the  instrument  transducers  identified.  The  particular  transducers  were  located  as 
follows: 

•  The  acoustic  systems,  a  BEAR,  a  SBM-1,  and  the  structural  system  trigger 
microphone  were  placed  approximately  50  feet  south  of  the  house. 

•  An  accelerometer  was  mounted  in  a  vertical  position  on  top  of  a  steel  spike  in  the 
ground  very  close  to  the  wall  outside  the  house. 

•  An  accelerometer  was  braced  against  the  wall  in  a  horizontal  position  at  the  base  of 
the  east  wall  in  room  101  (Wall  101E). 

•  A  second  accelerometer  was  braced  against  the  wall  near  the  center  of  wall  101E. 

•  An  accelerometer  was  braced  against  the  middle  of  one  section  of  wall  104W. 

•  An  accelerometer  was  braced  against  the  middle  of  one  section  of  wall  102S. 

•  An  accelerometer  was  braced  against  the  middle  of  one  section  of  wall  101S. 

•  An  accelerometer  was  placed  on  the  floor  in  the  center  of  room  101  with  a  10-lb. 
sand  bag  on  top  to  hold  it  in  place.  (This  added  mass  loading  will  not  have  a 
significant  influence  on  the  dynamic  response.). 

•  An  accelerometer  was  placed  in  the  attic  on  top  of  a  ceiling  joist  in  the  center  of 
room  101  with  a  sand  bag  on  top  to  hold  it  in  place. 

•  A  string  potentiometer  was  placed  on  the  floor  n  the  center  of  room  101  with  a 
sand  bag  on  top  and  the  string  (actually  a  wire  in  this  case)  was  attached  to  the 
ceiling  directly  above. 

•  An  LVDT  was  braced  against  wall  10 IS  near  a  crack  and  the  core  was  attached  to  a 
bracket  on  the  other  side  of  the  crack.  The  bracket  was  semi-permanentlv  attached 
to  the  wall  using  a  "Post-It"  adhesive  strip. 

•  An  accelerometer  was  bonded  in  a  horizontal  position  near  the  top  of  the  west  wall 
of  the  water  tank.  Data  obtained  from  this  transducer  early  in  the  program  was 
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Figure  5-  i  5.  Floor  Plan  of  Structure  A 


erroneous  due  to  a  long  coaxial  cable  coupling  it  to  the  charge  amplifier.  This  cable 
was  excited  directly  by  the  boom,  creating  a  high  level  signal. 

Structure  B 

The  computer  and  signal  conditioners  were  set-up  within  this  structure;  however,  the 
structure  was  completely  open.  The  motor  generator  was  placed  on  the  west  side  of  the  house, 
while  the  acoustic  systems  were  deployed  on  the  east  side  at  a  distance  of  approximately  50  feet 
from  the  structure.  Acousdc  interference  from  the  motor  generator  was  non-existent. 

Transducers  to  monitor  the  acoustic  levels  and  the  structural  response  for  measurements 
at  Structure  B,  as  indicated  in  Figure  5-16,  were  deployed  as  follows: 

•  Acoustic  systems,  a  BEAR,  a  SBM- 1 ,  and  the  structural  system  trigger  microphone 
were  placed  approximately  50  feet  east  of  the  house. 

•  An  accelerometer  was  mounted  in  a  vertical  position  on  top  of  a  steel  spike  in  the 
ground  very  close  to  the  wall  outside  the  house. 

•  An  accelerometer  was  braced  against  the  wall  in  a  horizontal  position  at  the  center  of 
one  section  of  the  west  wall  in  room  103(Wall  103W). 

•  An  accelerometer  was  placed  on  the  floor  in  the  center  of  room  103  with  a  sand  bag 
on  top  to  hold  it  in  place. 

•  An  accelerometer,  attached  to  a  aluminum  block,  was  bonded  to  a  ceiling  joist  in  the 
center  of  room  103.  Access  was  obtained  through  a  hole  in  the  ceiling. 

•  An  accelerometer  was  bonded  to  the  wall  near  the  center  of  wall  107W. 

•  An  accelerometer  was  bonded  to  the  wall  near  the  top  of  the  porch  wall  at  a  height 
of  approximately  10  feet. 

•  An  accelerometer  was  bonded  to  the  middle  of  one  section  of  the  porch  wall. 

•  A  string  potentiometer  was  placed  on  the  floor  in  the  center  of  room  104  with  a 
sand  bag  on  top  and  the  string  (  actually  a  wire)  was  attached  to  the  ceiling  directly 
above. 
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Figure  5-16.  Floor  Plan  of  Structure  B 


An  LVDT  was  braced  against  wall  105S  near  a  crack  and  the  core  was  attached  to  a 
bracket  on  the  other  side  of  the  crack.  The  bracket  was  bonded  to  the  wall. 


•  An  LVDT  was  braced  against  wall  1 03W  near  a  crack  and  the  core  was  attached  to  a 
bracket  on  the  other  side  of  the  crack.  The  bracket  was  bonded  to  the  wall. 

5.3  Test  Results 

The  overall  results  of  the  evaluation  of  the  two  structure  are  presented  in  this  section. 
An  evaluation  of  these  results  is  provided  in  Section  5.4.  In  summary: 

•  Photographs  were  taken  to  determine  if  cracks  in  the  structure  walls  had  been 
altered  during  the  study;  no  visible  changes  were  observed  in  five-fold 
enlargements  of  the  photos. 

e 

•  Mechanical  impedance  measurements  were  made  on  Structure  A  before  and  after  the 
measurement  period.  The  results  were  inconclusive  since  the  test-retest 
repeatability  was  no  better  than  impedance  variations  before  and  after  sonic  boom 
exposure. 

•  Extensive  acoustic  event  and  structural  response  data  were  acquired.  A  summary  of 
time  histories  for  these  data  is  presented  in  Appendix  E.  A  typical  example  time 
history  for  a  sonic  boom  is  shown  in  Figure  5-17.  This  figure  illustrates  the 
acoustic  signal  and  the  resultant  acceleration  at  three  locations  within  Structure  A. 
Analysis  of  these  data  in  Section  5.4  indicates  that  the  structural  response 
measurements  on  the  walls  were  reasonably  close  to  expectations. 

5.3.1  Photographic  Examination 

A  series  of  photographs  were  taken  of  Structure  A  before  and  after  the  monitoring 
period.  Overall  photos  of  the  structure  as  well  as  close-up  pictures  of  specific  areas  were 
taken.  The  small  study  areas  were  selected  based  on  the  presence  of  cracks  in  the  wall  that  had 
the  greatest  potential  to  grow  or  elongate.  Figure  5-18  illustrates  a  typical  section  of  wall  in 
Structure  A. 


Figure  5-18.  Typical  Wall  Surface  of  Structure  A 


5.3. 1.1  Analysis  Procedures 


The  contact  prints  of  the  negatives  were  assembled  and  arranged  according  to  the  pre- 
and  post-testing  photo  log.  After  performing  an  overall  general  inspection  of  the  photos, 
several  were  selected  and  8x10  color  prints  were  obtained.  Comparison  of  before  and  after 
shots  were  made  using  two  magnifiers.  A  6X  magnifier  was  used  to  select  areas  for 
examination  and  then  a  50X  microscope  was  used  for  the  more  detailed  examinations. 

5.3. 1.2  Photographic  Analysis  Results 

An  analysis  of  the  photographs  led  to  several  conclusions  regarding  structural  changes 
caused  by  sonic  booms  during  the  test  period. 

•  The  primary  objective  was  to  determine  if  clear,  photographically  documented 
evidence  of  changes  such  as  the  appearance  of  new  cracks  or  elongation  and/or 
widening  of  existing  cracks  could  be  established.  However,  there  was  no 
noticeable  visual  difference  between  the  pre-  and  post-experimental 
photographs.  Appendix  D  contains  samples  of  the  photographs  taken.  No 
clear  evidence  of  macroscopic  difference  exists  between  them. 

•  The  photographs  cover  a  span  of  6  weeks.  Since  the  ranch  house  is  over 
50  years  old,  this  may  be  too  short  a  timeframe  to  establish  any  evidence  of 
structural  damage  from  the  sonic  booms  that  occurred  during  the  test  period. 
The  true  degradation  caused  by  the  booms,  such  as  the  development  of  new 
cracks,  may  only  appear  after  a  much  longer  period  of  exposure.  Furthermore, 
the  lack  of  evidence  of  damage  is  consistent  with  the  low  probability  of  sonic 
boom  damage  predicted  for  this  type  of  structure  (see  Section  6). 

•  It  is  possible  that  the  explosive  tests  conducted  at  the  White  Sands  Missile 
Range  have  had  a  cumulative  "bum-in"  effect  on  the  ranch  houses  and  the 
structures  were  fully  stress-relieved  before  the  photographic  session  began. 

5.3.2  Mechanical  Impedance  Measurements 
5.3.2. 1  Test  Procedures 

Table  5-2  lists  the  series  of  impedance  tests  performed  on  the  two  structures.  Tests 
were  made  on  Structure  A  before  and  after  the  1 -month  period  of  monitoring. 
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Table  5-2 


Summary  of  Impedance  Tests  Performed  on  Structures  A  and  B 


Filenaie 

Shanneis 

Transducers 

Location 

Type 

Structure  A 

Pre-tests 

F5I01S1 

4 

FT.  3  Mall  Acceis 

Mall  1015 

Freq.  S»eep 

F3101E2 

4 

FT.  3  Mall  Acceis 

Mall  1015 

Free.  Sseep 

1310151  4  2 

4 

FT,  3  Mall  iccels 

Mall  1015 

Hauer 

3A101S1  4  2 

4 

FT,  3au.  Accel.  2  Mall  iccels 

Mall  1015 

Hauer 

3A101S1  4  2 

4 

FT,  Sail.  Accel,  2  Mail  Acceis 

Mall  101S 

Saner 

IH101S1  to  4 

4 

FT,  3  Mail  Acceis 

Mall  101S 

Hauer 

F3101S1  4  2 

4 

FT.  3  Mali  Acceis 

Mall  1015 

Free.  Sseen 

P3101E1 

2 

FT.  San.  Accei 

Mail  1015 

Hauer 

PH101E2 

FT,  3au.  Accei 

Mall  1015 

Bauer 

5310153 

2 

FT.  3au.  Accei 

Mail  1015 

Hauer 

P3101S1 

2 

FT,  Sail.  Accei 

Mall  101S 

Hauer 

PH101S2 

2 

FT,  Ban.  Accel 

Mall  1015 

Bauer 

PH101S3 

2 

FT,  3au.  Accel 

Mall  101S 

3aner 

Post-tests 

101S1  4  2 

4 

FT,  Bata.  Accel,  2  Mall  Acceis 

Mall  101S 

Bauer 

I11S1  4  2 

2 

FT,  3aia.  Accei 

Mail  101S 

Bauer 

IH1S3  4  4 

2 

FT,  Sail.  Accel 

Mall  101S 

Bauer 

I31S5  4  8 

2 

FT,  3au.  Accei 

Mall  101S 

Bauer 

19151  4  2 

2 

FT.  3aia.  Accel 

Mall  1015 

Hauer 

IH1E3  4  4 

2 

FT,  3aia.  Accel 

Mall  1015 

Hauer 

IH1E5  4  5 

2 

FT,  Hail.  Accel 

Mail  1015 

Hauer 

10151  4  2 

4 

FT.  Ban.  Accei,  2  Mall  Acceis 

Mall  1015 

Hauer 

Structure  B 

13351  4  2 

3 

FT,  Hail.  Accel,  Mali  Accel 

Mall  103M 

Hauer 

18353  4  4 

3 

FT,  Ban.  Accei.  Mall  Accei 

Mall  103M 

Hauer 

13355  4  8 

3 

FT,  Ban.  Accel,  Mail  Accel 

Mall  103M 

Hauer 

134S1  4  2 

3 

FT,  Hail.  Accei,  Mall  Accel 

Mall  104S 

Hauer 

1H4S3  4  4 

3 

FT.  Ban.  Accel,  Mall  Accei 

Mall  1045 

Hauer 

13S51  4  2 

3 

FT,  San.  Accei.  Mall  Accei 

Mall  104S 

Hauer 

I3SE3  4  4 

3 

FT,  Bail.  Accei.  Mail  Accel 

Mail  104S 

Hauer 

I33S5  4  6 

3 

FT,  Ban.  Accei.  Mail  Accei 

Mall  104S 

Hauer 

Mote:  FT  :  Force  Transducer 
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Measurements  were  made  using  the  impedance  hammer  as  an  input  device,  and  thus 
each  tap  on  the  wall  resulted  in  a  slightly  different  force  input.  In  order  to  check  repeatability 
of  these  measurements,  at  least  two  strikes  were  made  for  each  test.  Figure  5-19  illustrates  the 
results  of  two  taps  at  the  same  location.  The  data  represents  the  transfer  function  between  the 
force  input  and  the  velocity  response  measured  at  three  different  locations.  Accelerometers 
were  braced  against  the  wall  (Wall  101E)  using  the  previously-described  system  and  one 
accelerometer  was  mounted  on  the  hammer  head.  Conversion  of  acceleration  to  velocity  was 
performed  through  division  of  the  Fourier  Spectrum  by  angular  frequency.  The  plots  shown 
here  portray  the  relative  mechanical  impedance  of  the  wall  (i.e.,  ratio  of  applied  force  spectrum 
to  velocity  response  spectrum)  and  illustrate  the  typical  repeatability  of  the  tests. 

Spectrum  plots  in  this  report,  unless  otherwise  noted,  were  obtained  from  an  FFT 
narrow-band  analysis  program.  Narrow-band  values  were  calculated  and  the  average  value  in 
each  one-third  octave  band  was  determined.  This  value  was  then  normalized  to  a  1  Hz 
bandwidth.  Each  value  shown  in  the  plots  represents  the  average  1  Hz  band  level  within  each 
one-third  octave.  This  spectral  smoothing  technique  was  employed  to  provide  a  more  useful 
output  format  since  the  unsmoothed  Fourier  spectra  contained  so  much  fine  structure  with 
sharp  peaks  and  valleys  making  it  very  difficult  to  read. 

The  regular  impedance  measurements  were  made  at  several  positions.  The  impedance 
hammer  was  used  to  lightly  tap  the  wall  and  a  recording  of  the  impulse  was  made  using  the 
computer.  In  Structure  A  these  measurements  were  made  before  and  after  the  boom 
measurement  series.  An  example  of  the  impulse  impedance  data  measured  before  and  after  the 
test  period  is  shown  in  Figure  5-20.  Clearly,  the  difference  between  pre-  and  post-test 
impedance  measurements  are  comparable  to  the  pre-test  repeatability  tests  in  Figure  5-19. 
Thus,  this  technique,  as  applied  to  the  study,  is  not  reliable  as  a  means  of  assessing  potential 
damage. 

At  this  same  location  on  Wall  101E,  the  wall  driver  was  utilized  to  determine  the 
frequency  response  characteristics  of  the  wail.  This  involved  measurement  of  the  force  input  to 
the  wall  and  the  resultant  acceleration  at  different  points  on  the  wall.  The  same  wall  locations 
were  used  as  those  used  for  the  impedance  hammer  tests.  This  wall  is  constructed  of  adobe 
blocks  covered  with  a  thin  layer  of  plaster.  The  plaster  on  top  of  the  adobe  was  approximately 
1/4  inch  thick. 
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Accelerometer  4  inches  away 
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The  wall  driver  was  braced  against  the  wall  and  supported  by  a  soft  foam  layer  between 
the  driver  and  the  floor  brace.  Coupling  between  the  driver  and  the  wall  was  made  through  the 
force  transducer.  A  frequency  sweep  rate  was  set  to  cover  the  range  from  0  to  1  kHz  in  about 
4  seconds.  The  4  seconds  of  data,  which  included  the  input  force  and  three  accelerometer 
channels,  were  then  stored  on  the  computer  disk. 

Figure  5-21  illustrates  the  data  obtained  from  the  force  transducer  during  a  frequency 
sweep.  The  top  plot  shows  the  rime  domain  force  levels  coupled  to  the  wall  while  the  lower 
plot  shows  the  frequency  spectrum  of  these  data.  Figures  5-22  and  5-23  show  the  acceleration 
data  obtained  from  two  accelerometers  braced  against  the  wall  beside  the  wall  driver. 
Accelerometer  locations  were  2  inches  and  12  inches  from  the  driver,  respectively. 

5. 3.2.3  Impedance  Measurement  Results 

The  impedance  measurements  produced  resuits  which  were  reasonable  for  relative 
values  of  mechanical  impedance.  For  both  impulsive  and  sine  sweep  measurements,  the 
following  conclusions  were  drawn: 

•  Most  of  the  wall  surfaces  were  quite  fragile  and  thus  it  was  difficult  to  perform 
the  measurements  and  avoid  possible  damage  to  the  structure. 

•  The  wall  surfaces  were  quite  rough  making  it  difficult  to  find  a  suitably  flat 
surface  on  which  to  place  a  transducer  such  as  an  accelerometer.  Being  unable 
to  smooth  the  surface  or  apply  any  adhesive  left  few  satisfactory  positions  for 
measurements. 

•  Repeatability  of  impulse  measurements  was  not  good.  Repeated  taps  of  the 
hammer  produced  similar  results  but  not  an  identical  response.  This  problem 
made  pre-  and  post-exposure  evaluation  very  difficult.  If  this  technique  is 
considered  worthy  of  further  evaluation,  a  larger  number  of  baseline 
measurements  would  be  needed  to  establish  some  statistically  reliable  baseline 
(i.e.,  before  exposure)  impedance  data. 

•  Sinusoidal  frequency  response  measurements  produced  results  that  were  not 
easily  interpreted.  Small  changes  in  position  of  either  the  driver  or  receiving 
accelerometer  results  in  large  changes  in  frequency  response.  This  technique 
would  similarly  require  additional  study  before  it  could  become  a  viable 
evaluation  tool  for  assessing  structural  damage. 


Arbitrary  Force  A 


Frequency  (Hz) 


b)  Force  Spectrum  Level 


Figure  5-21.  Wall  Driver  Force  Input  (Test  FS  1 0 IE  1 ) 
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Figure  5-22.  Wall  Acceleration  2  inches  from  Driver  (Test  FS  101  Ell 
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Figure  5-23.  Wall  Acceleration  12  inches  from  Driver  (Test  FS  101E1) 
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Structural  Response  Tests 
5.3.3. 1  Test  Data 

A  listing  of  the  structural  response  test  data  is  provided  in  Table  5-3.  Data  in  this  table 
represent  each  event  identified  as  a  sonic  boom  and  also  a  few  events  considered  to  be  low 
altitude  subsonic  flyovers  of  Structure  A.  The  data  were  obtained  during  the  six  week 
monitoring  period  of  the  two  structures  at  WSMR. 

Figure  5-24  illustrates  the  general  frequency  response  characteristics  of  the  structure  at 
the  respective  location  of  each  transducer  by  sample  time  histories  of  response  for  one  sonic 
boom  event.  Thus,  the  relative  response  of  the  structural  components  can  be  compared  to  one 
another.  Similar  data  are  shown  for  all  events  in  Appendix  E.  The  highest  acceleration 
amplitude  observed  (nearly  lg  peak)  for  this  boom  was  from  Channel  6,  which  was  the 
ceiling.  Another  large  response  was  that  of  wall  101S,  Channel  7,  which  had  nearly  a  lg 
response  level.  The  base  of  wall  10 IE  (Channel  2),  as  expected,  had  the  lowest  acceleration 
level,  an  amplitude  of  about  0.02  gs.  Appendix  E  contains  a  complete  set  of  the  time  history 
plots  for  all  data.  Appendix  F  contains  a  listing  of  the  weather  data  (during  the  measurement 
period)  obtained  at  White  Sands  Missile  Range. 

Structural  Response  Results 

An  analysis  of  the  data  obtained  from  the  LVDT  mounted  on  the  crack  in  Structure  A  is 
shown  in  Figure  5-25  and  illustrates  the  displacement  observed  during  12  sonic  booms 
occurring  during  the  tests.  During  the  tests,  the  LVDT  was  not  intentionally  moved  so  all 
displacement  shown  in  this  figure  occurred  naturally.  Of  course,  it  is  possible  that  the  brace 
supporting  the  LVDT  could  have  moved  slightly  producing  some  of  the  large  shifts  between 
booms.  On  the  plot  of  Figure  5-25,  a  negative  change  in  displacement  corresponds  to  a 
widening  of  the  crack. 

All  but  one  boom  produced  an  apparent  widening  of  the  crack,  noted  as  a  shift  in  the 
DC  level  of  the  LVDT  before  and  after  the  dynamic  response  from  the  boom.  The  average 
change  in  displacement  observed  during  the  tests  was  0.00044  inches,  not  a  large  value  but 
quite  significant  if  real. 
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Summary  of  Tyndall  Test  Data  Listing  Peak  Sonic  Boom  Pressures  on  Channel  l)  and 
Peak  Struuural  Responses  and  Ratios  of  Peak  Acceleration  or  Displacement  to  Peak  Pressure 
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Acoustic  Pressure 


Time  history  plots  are  shown  in  Appendix  E) 


Other  comments  based,  in  pan,  on  an  examination  of  detailed  data  plots  (too  numerous 
to  include  in  this  repon)  from  Structure  A  are  as  follows: 

•  Comparison  of  the  velocity  response  spectrum  levels  for  Wall  101E  show 
almost  the  same  spectral  shape  at  the  base  and  at  the  wall  center.  However,  the 
ratio  of  peak  acceleration  to  peak  sonic  boom  pressure  at  the  wall  center  is  about 
75  percent  greater  than  at  the  base  of  the  wall.  This  is  in  the  right  direction  but 
represents  less  amplification  than  expected  on  the  basis  of  other  similar  data 
discussed  in  Section  4.3.2.2.  However,  the  velocity  response  spectra  at  the 
wall  center  was  higher  by  a  factor  of  about  10  over  the  velocity  response  at  the 
base.  The  dominant  resonant  frequency  at  both  locations  is  between  6.3  and 
16  Hz. 

•  Wall  101S  has  a  very  prominent  resonance  at  8  Hz  with  all  other  resonant 
frequencies  at  least  10  dB  down.  The  low  frequency  content  is  also  quite  high. 

•  Wall  102S  and  104W  have  similar  resonance  peaks  at  8  and  12.5  Hz,  although 
at  lower  levels  than  for  the  other  walls.  The  ratios  of  peak  acceleration  to  sonic 
boom  pressures  for  Wall  102S  are  lower  by  a  factor  of  about  2  than  for  Wall 
104W.  There  is  no  obvious  reason  for  this  difference  in  behavior  of  the  two 
walls  which  are  believed  to  be  very  similar  in  construction. 

•  The  vibration  response  of  Wall  101S,  an  internal  wall,  was  relatively  high  and 
could  have  been  affected  by  the  presence  of  a  heating  flue  built  into  the  wall, 
severely  limiting  the  wall  strength. 

•  Sonic  booms  occurring  during  periods  when  the  system  was  being  serviced 
were  not  recorded.  At  least  two  booms  were  noted  by  the  field  engineer  while 
the  system  was  off. 

5.4  Evaluation  of  Test  Results 

The  measured  peak  accelerations  at  the  center  of  three  outside  walls  and  ceiling  of 
Structure  A  have  been  evaluated  and  converted  into  peak  pseudo-veiocities  by  dividing  the 
acceleration  by  27t  times  the  fundamental  resonance  frequency  of  the  surface  as  determined 
from  the  time  history  records.  These  peak  velocities,  derived  from  the  measurements,  were 
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divided  by  the  corresponding  peak  pressures  to  form  a  measured  velocity  to  pressure  transfer 
function.  These  experimental  values  are  shown  in  Figure  5-26  compared  to  predicted  values 
based  on  Eq.(4-5b)  and  estimated  surface  weights  of  148  psf  for  the  18-inch  adobe  wall  and 
10  psf  for  the  ceiling.  A  line  is  also  shown  representing  a  50  percent  overprediction  case. 
The  upper  bound  of  the  data  seems  to  agree  very  well  with  the  prediction  model  while  the 
50  percent  overprediction  line  is  generally  on  the  low  side  of  the  data. 

A  more  detailed  evaluation  of  the  measured  data  is  provided  by  constructing  the  spectral 
content  of  the  velocity  response  transfer  function.  This  was  simply  the  difference,  on  a  decibel 
scale,  between  the  velocity  exposure  spectrum  level  in  dB  re  1  inch/second  and  the  sound 
exposure  spectrum  level  in  dB  re  1  psf.  The  velocity  exposure  spectrum  level,  Lve(D, 
represents  the  spectral  content  of  the  time-integrated  velocity  signal  formed  from  the  Fourier 
Transform  of  the  time-integrated  acceleration  signal  and  is  given  by 

LvE(f)  =  10  log  [2g2IA(f)l2/(27tf)2],  dB  re  (1  in/sec)2  •  sec/Hz 

where  g  =  Acceleration  of  gravity,  in/sec2 

IA(f)l  =  Absolute  value  of  Fourier  Spectrum  of  Acceleration  Signal,  g's  sec 

f  =  Frequency,  Hz 

Note  that  both  the  velocity  and  pressure  spectra  are  averaged  over  a  one- third  octave  band 
interval  for  plotting  purposes.  This  smoothing  process  also  prevents  computation  of  artificial 
peaks  in  the  transfer  function  which  can  occur  when  the  raw,  narrowband  spectra  are  used  to 
compute  a  transfer  function.  The  results  of  this  analysis  are  shown  in  Figure  5-27a,  b,  and  c 
from  measurements  at  the  center  of  three  walls  in  Structure  A.  The  data  show  the  mean  and 
mean  ±1  standard  deviation  for  the  transfer  functions  computed  from  the  wall  response  and 
acoustic  measurements  for  seven  different  sonic  boom  events. 

Since  these  velocity  to  pressure  transfer  functions  represent,  in  log  form,  the  ratio  of 
Fourier  spectra  of  the  velocity  and  pressure  signals,  respectively,  they  represent  general 
velocity  to  pressure  frequency  response  functions  for  each  of  the  center  wall  positions.  Thus, 
the  peak  in  the  transfer  function  of  each  curve  in  the  region  of  10  to  20  Hz  corresponds  to  the 
fundamental  resonance  frequency  of  the  wall  and  the  magnitude  of  the  peak  transfer  function 
represents  the  influence  of  damping. 

An  analysis  similar  to  that  developed  in  Appendix  C.2  would  show  that  the  maximum 
value  of  this  transfer  function,  expressed  as  the  ratio  of  the  velocity  response  spectrum  V(f)  to 
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PREDICTED  Vr(f)/Pf(  (in/sec.)/p;>f 


Figure  5-26.  Comparison  of  Measured  and  Predicted  Ratio  of  Peak  Velocity  Response,  at 
Center  of  Three  Outside  Walls  and  in  Ceiling,  to  Peak  Sonic  Boom  Pressure  on 
Nearby  Ground  Microphones  for  Structure  A 
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Figure  5-27.  Velocity  to  Pressure  Transfer  Function  Spectra  Measured  from  Seven  Different 
Sonic  Boom  Tests  at  the  Center  of  Tnree  Different  Wails  in  Structure  A 
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Figure  5-27  (Continued) 
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pressure  spectrum  P(f),  for  a  uniform,  simply-supported  panel  in  its  fundamental  mode  should 
have  the  value: 

V(f)/P(f)lmax  =  ,  -6  -  ,  (in/sec)/psf 

7t2  (27Cfo)  •  w 

where  g  =  Acceleration  of  gravity  (386  in/sec2) 

w  =  Surface  weight,  psf 

Q  =  Dynamic  Magnification  Factor 

f0  =  Fundamental  Resonance  Frequency 

For  these  18-inch  adobe  walls,  the  estimated  surface  weight  is  148  psf  and  Q,  derived  from 
analysis  of  the  damping  decay  in  the  sonic  boom  time  histories,  is  estimated  to  be  about  1 8 
(Table  4-2),  and  the  average  resonance  frequency  is  12.5  Hz.  Thus,  the  predicted  maximum 
value  of  the  transfer  function  at  the  fundamental  resonance  of  the  walls  (assuming  they  behave 
as  a  simply  supported  panel),  would  be  about  (16)  (386)  (18)/(Jt2  (2it  •  12.5)  •  148)  =  0.97 
or  -0.3  dB  re  1  in/sec  per  psf.  The  peak  values  for  the  transfer  functions  plotted  in  Figure  5-27 
have  an  average  value  of  about  1  ±7  dB  re  1  in/sec  per  psf,  thus  showing  excellent  agreement 
with  the  prediction. 

In  summary,  measured  dynamic  responses  of  the  two  unconventional  structures 
evaluated  in  this  program  have  provided  useful  supporting  data  for  the  damage  prediction 
model  and  have  explored  techniques  for  damage  assessment  in  the  field.  Recommendations  for 
improved  procedures  for  the  latter  arc  presented  in  the  final  paragraph  of  this  section. 

5.5  Recommendations  for  Future  Photographic  Documentation 

Examination  of  the  detailed  photographs  of  the  study  areas  indicates  the  need  for 
improvements  in  photographic  techniques  which  should  be  incorporated  in  future  studies: 

•  Slow  speed  color  film  should  be  used  to  obtain  a  finer  grain  photograph. 

•  The  camera  should  be  tripod-mounted  at  a  well-defined  and  documented 
position.  Distance  from  the  film-plane  to  the  wall  should  be  documented  and 
repeatable  within  ±0.25  inches. 

•  The  same  lens  focal  length  and  aperture  and  shuttle  speed  settings  should  be 
used  for  before  and  after  photographs. 
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Preferably,  lighting  should  be  provided  by  a  battery-powered  cine  flood  located 
to  either  side  of  the  image  area  to  accentuate  the  surface  texture  and  presence  of 
cracks.  This  allows  lighting  to  be  optimized  before  exposure. 

If  a  flash  unit  is  used  for  lighting  instead,  it  should  be  removed  from  the  camera 
and  located  at  about  45°  to  either  side  of,  and  aimed  at,  the  image  area. 

If  possible,  two  photos  should  be  taken  with  the  flood  or  flash  positioned  on 
each  side  of  the  camera. 

A  measurement  scale  should  be  held  on  the  wall  and  be  photographed  with  the 
detail  area. 
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6.0 


STRUCTURAL  DAMAGE  ASSESSMENT  FOR  UNCONVENTIONAL 
STRUCTURES 


All  of  the  necessary  elements  of  a  basic  damage  assessment  model  have  been 
established  in  Sections  2  through  4  and  related  supporting  data  presented  in  Section  5.  This 
section  presents,  in  a  summary  step-by-step  form,  the  algorithms,  procedures,  or  data  suitable 
for  implementing  a  model  for  damage  assessment  of  unconventional  structures  on  the  USAF 
NSBIT  ASAN  Program.  The  section  will  conclude  with  specific  results  of  applying  these 
procedures  for  a  variety  of  unconventional  structures  and  a  range  of  sonic  boom  overpressures. 

6.1  Step  1  -  Selection  of  Structures 

The  first  step  is  the  definition  of  generic  categories  of  structures  covering  the  range  of 
types  which  may  be  encountered  under  supersonic  flight  operations  and  for  which  a  systematic 
assessment  of  potential  damage  can  be  made  for  each  of  the  types  of  such  flights. 

Based  on  the  analysis  in  Section  2,  four  broad  categories  of  structure  types  were 
selected  for  analysis.  The  general  categories  of  unconventional  structure  listed  in  Table  6-1 
include  (1)  common  types  of  construction  for  normally  unoccupied  historic  buildings, 
2 1  prehistoric  structures,  (3)  seismically  sensitive  areas,  and  (4)  miscellaneous  utility 
buildings  and  metal  structures.  Only  a  Category  B  window  (2  to  10  ft2)  has  been  included  in 
the  first  building  category.  Furthermore,  the  Category  B  window  glass  was  assumed  to  be 
already  cracked  and  to  have  a  resonance  frequency  that  was  about  75%  of  that  for  an  uncracked 
window.  Types  of  prehistoric  structures  and  archaeological  sites  included  in  this  breakdown 
are  intended  to  cover  the  range  of  structures  built  by  early  Americans  that  are  found  widely 
throughout  many  parts  of  the  southwest  (e.g.,  Lekson,  1984).  Finally,  avalanches  and 
landslides  are  listed  under  the  category  identified  as  seismically  sensitive  areas  implying 
sensitivity  to  acoustically  induced  ground  vibration.  Water  tanks  are  also  included  in  this 
category  for  convenience  although  the  primary  concern  for  water  tanks  is  expected  to  be 
response  from  direct  acoustic,  rather  than  seismic,  excitation  induced  by  the  aircraft  noise  (see 
Section  4. 2.2. 2). 

6.2  Step  2  -  Definition  of  Free  Field  Sonic  Boom  Pressures 

Based  on  the  details  developed  in  Section  3,  the  sonic  boom  environments  will  be 
defined  as  follows  for  (1)  ACM  areas  and  (2)  all  other  types  of  supersonic  flight  operations. 
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Table  6-1 


Four  Major  Categories  and  Subcategories  of  Unconventional  Structures 
Evaluated  for  Potential  Damage  by  Sonic  Boom 


Major 

Category 

No. 

Subcategory 

Type  of  Structure 

Type  of  Construction 

Historic 

0 

Windows 

Category  B,  2-10  ft2 

Buildings 

1 

Historic  Buildings  U) 

Masonry,  Stone 

2 

Historic  Buildings  U) 

Brick 

3 

Historic  Buildings  U) 

Adobe 

4 

Historic  Buildings  U) 

Wood  Frame,  Plaster  Interior 

5 

Historic  Buildings  U) 

Wood  Frame,  Wood  Interior 

6 

Historic  Buildings 

Covered  Wood  Bridge 

Prehistoric 

7 

Prehistoric  Structures  (2) 

Masonry,  Stone 

Structures 

8 

Prehistoric  Structures  (2) 

Adobe 

Seistnically 

9 

Water  Tanks/Wells 

Metal/Stone  (above  ground) 

10 

Geological/ 

Sensitive 

Archaeological  Sites  (3) 

Stone  Caves/Rock  Formations 

Areas 

11 

Loose  Snow  -  Avalanche 
Areas 

Loose  Snow  on  Steep  Slope 

12 

Slab  Avalanche  Areas 

Snow  Slab  on  Steep  Slope 

13 

Slide  Areas  -  Soil 

Soil  on  Steep  Slope 

Misc. 

14 

Utility  Buildings 

Concrete  Block 

Structures 

15 

Utility  Buildings 

Wood  Frame 

16 

Utility  Buildings 

Metal  Frame 

17 

Radio  Telescopes 

Metal  Frame 

More  than  50-100  years  old  (roof  intact),  unoccupied  but  maintained 
Early  American  habitation/ceremonial  sites  (roof  missing) 

May  contain  petroglyphs  or  other  Early  American  art 


6-2.1  Air  Combat  Maneuver  (ACM1  Training 

For  ACM  areas,  the  long  time  average  of  the  log  mean  sonic  boom  pressure  P0  (i.e., 
the  nominal  value)  anywhere  within  the  SOA  ellipse  is  given  by: 

P0  =  0.56  exp  (- j[(X/ax)2+ (Y/ay)2])0122,  psf  (6-1) 
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where  X,Y  are  the  coordinates  along  the  minor  and  major  axes  of  the  supersonic  main  ellipse 
and  cx,  Cy,  are  11.1  and  18.9  miles,  respectively.  These  last  two  parameters  represent  the 
standard  deviations  of  the  two-dimensional  normal  distribution  of  nominal  sonic  boom 
pressures  within  the  SOA  ellipse.  The  free  field  sonic  boom  pressure  Pf  any  time  or  position  is 
defined  by  the  statistical  variation  in  sonic  boom  pressure  about  the  nominal  value  P0.  For  the 
analysis  in  Section  6.6,  potential  damage  is  estimated  in  terms  of  a  probability  for  structures 
located  along  the  major  axis  of  the  ellipse  (X=0)  at  Y=0,  20,  40,  and  60  miles  from  the  center 
of  the  SOA  ellipse  and  corresponding  approximately  to  0,  1,  2,  and  3  times  the  standard 
deviation  of  the  spatial  normal  distribution  (in  the  Y  direction)  of  the  nominal  peak  pressures. 
As  discussed  in  Section  3.0,  these  same  nominal  sonic  boom  pressures  would  apply  at  any 
point  on  an  ellipse  with  the  same  "elliptical  radius"  r  =  [(Xcy/ax)2  +  Y2J 1/2 

The  standard  deviation  ctl  of  the  log  of  this  free  field  sonic  boom  pressure  within  SOAs 
is  estimated  to  be  0.366  (corresponding  to  7.32  dB).  For  this  value  of  Ol,  the  peak  sonic 
boom  pressure  at  the  center  of  the  ellipse  is  expected  to  exceed  0.56  x  10(°-366  x  1-282)  ~ 
1.6  psf  and  0.56  x  10(°-366  x  2.326)  =  4  q  pSf  for  10  percent  and  1  percent  of  the  time, 
respectively.  These  correspond  to  the  probability  of  occurrence  at  1.282  and  2.326 
respectively  times  the  standard  deviation  0l  °f  the  log  of  the  sonic  boom  pressures. 

6.2.2  Other  Supersonic  Flight  Activity 

In  the  absence  of  predefined  specifications  for  the  detailed  nature  of  other  types  of 
supersonic  operations,  damage  assessment  will  be  carried  out  for  the  following  specific 
nominal  sonic  boom  pressures  increasing  in  steps  by  a  factor  of  2  and  corresponding,  very 
approximately,  to  peak  pressures  under  the  flight  track  for  the  ranges  of  supersonic  flight 
altitude  indicated  below. 


Approximate 
Altitude  Range, 
ft 


Approximate 
Range  of 
Sonic  Boom 
Pressures, 
psf 


Selected 

Nominal  Sonic  Boom 
Pressures, 
psf 


70,000-30,000 

30,000-10,000 

10,000-100 


1-3  1,2 

3-10  4,8 

10-130  16,  32,  64,  128 


For  structural  damage  analysis  purposes,  these  nominal  sonic  boom  pressures  will  be  assumed 
to  be  the  same  as  the  corresponding  long  time  average  free  field  pressures  at  a  structure  located 
within  the  carpet  boom  pattern  for  such  flights.  The  actual  spatial  variation  of  peak  sonic  boom 
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pressures  within  the  carpet  boom  pattern  is  discussed  briefly  in  Section  3.0.  The  standard 
deviation  Ci  of  the  log  of  the  free  field  sonic  boom  pressures  for  these  conditions  will  be  taken 
from  the  measured  statistical  distribution  of  sonic  boom  overpressures  from  the  Oklahoma  City 
tests  (Hilton,  et  al.,  1964)  to  give: 


Location 

20  ctl 

- 

dB 

Directly  Under  Flight  Path 

0.114 

2.3 

To  Side  Near  Lateral  Cut-Off 

0.172 

3.4 

The  plotted  data  in  Figures  3-9  to  3-1 1  in  Section  3.0  can  be  used  for  initial  rough  estimates  of 
carpet  boom  pressures;  more  exact  estimates  of  carpet  boom  peak  overpressure  can  be  made 
using  available  manual  (Carlson,  1976)  or  computerized  (Bishop,  1988)  sonic  boom  prediction 
models.  For  example,  assuming  that,  on  the  basis  of  such  models,  it  is  estimated  that  the 
nominal  peak  overpressure  is  8  psf  for  a  structure  located  near  the  edge  of  a  carpet  boom 
pattern,  then  10  percent  and  1  percent  of  the  time  the  peak  pressures  would  be  expected  to 
exceed  8  x  10  (0-172  x  1.282)  ~  13  pSf  and  g  x  10  (0-172  x  2.326)  ~  20  psf,  respectively.  The 
damage  probability  prediction  models  employed  here  will,  of  course,  inherently  include  this 
statistical  variation  in  peak  pressures  when  computing  the  probability  of  damage. 

6.3  Step  3  -  Definition  of  Effective  Sonic  Boom  Pressures 

The  effective  sonic  boom  pressure  acting  on  a  structure,  Pc,  is  equal  to: 

Pe  =  P0  (Pf/Po)  (Pe/Pf)  (6-2) 

where  P0  =  nominal  sonic  boom  pressure  as  specified  in  Step  2. 

Pf/Po  =  free  field  sonic  boom  sound  pressure  at  a  given  time  and  location  for  an 
arbitrary  supersonic  flight  condition.  (The  log  mean  value  of  this  ratio 
will  be  assumed  to  be  unity.  Thus,  the  standard  deviation  at  of  the  log 
of  P0  and  of  Pf/P0  specified  in  Step  2  account  for  the  overall  statistical 
variation  in  Pf  due  to  variations  in  weather  and  flight  operations  about 
long  rime  mean  values. 

Pc/Pf  =  ratio  between  effective  pressure  representing  the  effective  load  on  a 
structure  and  the  incident  free  field  pressure  at  the  ground. 

Table  6-2  defines  the  mean  and  standard  deviation  (in  decibels)  of  the  log  of  this  ratio,  Pc/Pf. 
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Table  6-2 


Estimated  Default  Values  for  Ratio  Pe/Pf  of  Effective  to  Free  Field  Sonic  Boom  Pressure  and 

Corresponding  Values  of  Cl 


Type  of  Structure 

Pe/Pf 

<?L 

20  aL 
dB 

Windows 

Orientation 

0.75 

0.048 

0.95 

Surfac?  Reflection 

1.00 

0.025 

0.50 

Total 

0.750) 

0.0540)  1.07O) 

Buildings  with  Roof  Intact  (5) 

Orientation  Effects  (see  Section  3.3.1) 

0.75 

1.00 

0.048 

0.95 

Surface  Reflection  (see  Section  3.3.2) 

0.075 

1.50 

Total 

0.75 

0.089 

1.78 

Building?  with  Np  Roof 

Orientation 

0.75 

0.048 

0.95 

Surface  Reflection 

1.00 

0.025 

0.50 

Diffraction  (see  Section  3.3.2)(4) 

0.26 

0.068 

1.36 

Total 

0.20 

0.087 

1.73 

Watgr  Tank? 

Orientation 

1.0 

0 

0 

Surface  Reflection 

L£t 

0.075 

L5 

Total 

1.0 

0.075 

1.5 

Archaeological  Areas 

Orientation 

0.5 

0.048 

0.95 

Surface  Reflection  0) 

L0 

0.075 

1.50 

Total 

0.5 

0.089 

1.78 

Avalanche$/Land?lide? 

Surface  Reflection 

1.0 

0.075 

1.78 

( 1 )  Product  of  individual  values 

(2)  rms  sum  of  individual  values 

(3)  Worst  case  assuming  normal  incidence 

(4)  Default  value  for  typical  prehistoric  buildings  based  on  typical  values  for 
height  (9  ft)  and  resonance  frequencies  (23  Hz)  for  free-standing  walls  of 
such  buildings.  See  Section  3.3.2  for  equations  for  other  heights  or  resonance 
frequencies. 

(5)  Also  applies  to  metal  buildings  and  radio  telescopes  with  diameter  >  50  ft  and 
solid  metal  parabolic  reflector  antenna. 
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6.4  Step  4  -  Define  Peak  Stress  Response 

Table  6-3  provides  a  summary  of  the  structure- specific  input  parameters  required  to 
calculate  the  peak  stress  ol  for  sonic  boom  loading.  The  first  two  columns  after  the  left-hand 
column  of  types  of  structures  provides  default  values  for  the  fundamental  resonance  frequency 
f0  and  the  estimated  value  of  <7l  for  the  log  of  resonance  frequency  for  each  type  of  built-up 
structure  based  primarily  on  data  in  Table  4-2.  To  estimate  values  for  f0  for  other  cases,  refer 
to  Eq.  (4-10)  in  Section  4.3. 1.2.  The  last  category  of  miscellaneous  metal  structures,  the 
values  selected  for  f0  and  gl  are  simply  estimates  within  a  range  of  possible  values  (see 
Section  4.3. 1.2). 

The  next  two  columns  define  the  estimated  surface  weights  w  and  corresponding  values 
for  Ol  based  on  the  data  in  Table  4-2.  For  specific  estimates  of  surface  weight  not  covered  by 
these  default  values,  surface  weight  w  can  be  computed  by  the  product  of  weight  density  pw 
and  thickness  t.  Data  on  weight  density  covering  a  very  large  range  of  building  materials  is 
provided  in  Appendix  B. 

The  next  three  columns  define  the  default  values  of  Ks  (one  of  the  velocity  to  stress 
constants  used  in  Eq.4-7)  and  the  default  values  for  the  other  velocity  to  stress  constant  (i.e., 
E/Cl)  used  in  this  equation.  Note  that  Ks  and  E/Cl  were  usually  assumed  to  be  deterministic 
variables  with  no  statistical  variation  (i.e.,  <7l  =  0)  since  they  depend  on  (1)  material  properties 
whose  statistical  variation  is  already  accounted  for  in  w  and  fQ,  and  on  (2)  geometric  shape  and 
size  parameters  assumed  to  have  exact  (default)  values  which  have  no  statistical  variation  by 
themselves  since,  here  again,  the  defined  statistical  variations  in  surface  weight  w  and 
resonance  frequency  f  will  account  for  any  actual  variation  in  shape  and  size  parameters.  One 
exception  to  this  is  that  finite  values  of  CTl  for  E/Cl  are  applicable  to  seismic  response  areas 
since  resonance  frequencies  and  surface  weights  are  not  applicable  in  this  case. 

The  next  two  columns  define  the  predicted  value  of  the  ratio  of  peak  stress  apk 
(signified  in  the  table  by  SpjJ  to  effective  peak  pressure  Pe  and  the  associated  estimate  for  the 
standard  deviation  of  the  log  of  this  quantity.  Since  it  is  assumed  or  known  that  the  parameters 
which  define  this  transfer  function  have  a  log  normal  distribution,  the  value  of  <Jl  is  equal  to 
the  square  root  of  the  sum  of  the  squares  of  cjl  for  each  component  of  the  transfer  function. 
For  buiit-up  structure,  according  to  Eq.  (4-7),  this  ratio  is  given  by: 

Ctpk/Pc  =  Ks  (E/Cl)  (Vpjj/Pe)  (6-3) 
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Table  6-3 


Summary  of  Structural  Response  Prediction  Model  Parameters 


578DC7U8AL  PABAHITKHS 


!  Reson 

Freq. 

Surface  Ft. 

!7elocitr/Press. 

i Stress/Telocity  Constanta 

!  Stress/ Press .  : 

Mo. 

:  TYPE  07  S78UC7URI 

; . fo . 

- j 

I-  7(f0)/Pe  - 

1-  Is  - 

. E/Cl 

! —  Spk/Pe  — ; 

,  T  w  . 

in  en+' 

jfl.qn 

20  •  SD 

dB 

!  Dean 

Mean 

psi/in/s 

20 -SD 
iB 

Mean 

psi/psi 

20  SD  : 
dB  ’ 

arc'norr  satt nturc 

jcdfl 

92 

iB  1 

3  CdU 

P31 

dB 

ia/s/psi 

uluiJulv  JUlui/i"vjb 

i  o 

WINDOWS.  TYPE  B,  2-10  ft* 

46 

2.76 

0.016 

0.31 

334 

5.40 

1.39 

50 

9.00 

23,200 

5.13 

!  i 

HASOHRT-STOHI 

25 

2.34 

0.750 

2.10 

13 

3.00 

1.34 

48 

3.00 

332 

4.35  : 

:  2 

B8ICI 

12 

3.30 

0.460 

1.35 

45 

3.00 

1.34 

17 

3.00 

1,100 

4.33  1 

;  3 

ADOBE  WALLS 

15 

1.36 

1.100 

1.78 

15 

3.00 

1.34 

2.0 

3.00 

40 

3.74  ‘ 

:  < 

WOOD- ERASE ,  PLASTE8 

16 

2.22 

0.088 

0.91 

228 

3.00 

1.13 

18 

3.00 

4,590 

3.34 

;  5 

WOOD-FRAME,  FOOD  FALLS 

15 

2.50 

0,042 

0.31 

390 

4.50 

1.13 

8.2 

0.00 

3,510 

5.23  ; 

:  s 

FOOD-FRAME,  OPES  { BRIDGE} 

10 

2.50 

0.069 

0.31 

356 

4.50 

1.13 

8.2 

0.00 

3,300 

5.23 

PRE-BISTOHIC  STRUCTURES 

• 

!  ta 

MAS0SRY/ST0HE-B00?  01 

5.1 

3.78 

0.73 

4.53 

56 

3.00 

1.34 

48 

0.00 

3,630 

or» 

or> 

t'O 

:  tb 

HASONRT/STOHI-HO  ROOF 

5.1 

3.78 

0.73 

4.53 

56 

3.00 

1.34 

48 

0.00 

3,530 

5.52  : 

:  8a 

ADOBE  -  ROOF  01 

11 

3.78 

1.20 

1.78 

19 

3.00 

1.34 

2.0 

0.30 

50 

5.14  ; 

;  3B 

ADOBE  -  HO  ROOF 

7.3 

3.78 

1.20 

1.73 

28 

3.00 

1.34 

2.0 

0.00 

75 

5.14 

SEISMIC' LY-SEHSITIVE  ARRAS 

!  9 

FATIR  FELLS/TANKS 

25 

8.00 

0.0380 

0.31 

259 

4.50 

1.46 

100 

3.00 

37,300 

^  55  : 

:  10 

EARLY  AM . PETROG. /CAVES 

HA 

Following  values 

to  : 

9.79 

4.72 

1 

48 

5.50 

38 

3  03  1 

:n 

L00SI  SHOW  AYALAMCHE 

HA 

right  are  ratios  of  ! 

1.72 

3.20 

1 

0.36 

3.30 

3.52 

4  39 

:  12 

SLAB  AVALAHCHR 

HA 

Peat  Telocity  to  1 

1.72 

3.20 

1 

0.36 

3.00 

3  52 

4  33  ' 

:i3 

LANDSLIDE  ARRAS 

HA 

Pressure, !in/s)/psi  ; 

1.30 

4.72 

1 

1.2 

2.40 

2.3 

5  33 

RISC.  UTIL. /METAL  STRCT'RS 

'14 

UTILITY  3LDG3-C0HCRETI  BLCK 

25 

2.34 

0.280 

2.50 

38 

3.30 

1.34 

13 

3.90 

559 

4  35 

.15 

UTILITY  3LDGS-W00D  FRAME 

15 

2.50 

9.042 

3.31 

390 

4.50 

1.19 

8.2 

3.30 

3.310 

C  M 

V  .  1 i 

:i6  ; 

UTILITY  BLDGS-MITAL  FRAME 

14 

1.39 

0.019 

3.10 

324 

4.50 

3.39 

150 

3.00 

123,300 

3  '3 

:i7  : 

RADIO  TELESCOPES 

25 

1.39 

0.069 

3  10 

142 

4.50 

0.39 

150 

3.00 

19,320 

5  '3 

t  20  SD  denotes  20  tiies 
the  Standard  Deviation 
jf  the  Log  of  the  Tariabie. 


and  the  envelope  for  Vpjt/Pe  including  the  factor  of  2  correction  for  multimodal  response  (see 
Section  4)  is  given  by 


Vpk/P  e 


3- (gf0T2/w),  f0<V3/7tT,  (in/sec)  /  psf 
2g/(rc  f0w),  f0  >  V3  /  jcT,  (in/sec)  /  psf 


(6-4a) 


(6-4b) 


where 

ks,e/cl  = 

g 

fio  = 

T 

w  = 


parameters  defined  in  Section  4  (default  values  listed  in  Table  6-3) 

acceleration  of  gravity,  386  in/sec2 

resonance  frequency  of  the  built-up  structures,  Hz 

duration  of  sonic  boom,  sec 

surface  weight,  psf. 


(Note  that  a  mixed  system  of  units  is  employed  to  continue  the  practice  of  expressing  velocity 
in  units  of  inches/sec  and  sonic  boom  overpressure  and  surface  weight  in  psf.) 


It  should  be  pointed  out  that  Eq.  (6-4a)  is  very  seldom  applied  since,  even  for  a  low 
nominal  sonic  boom  duration  of  about  0.075  sec,  the  frequency  for  which  this  low  frequency 
envelope  applies  in  such  a  case  (7.4  Hz)  fads  below  the  fundamental  resonance  frequency,  f0 
of  nearly  all  of  the  structures  considered  in  this  study. 

The  peak  stress  opk  is  then  computed  from  Pe  and  the  ratio  opk/Pe  just  defined.  Also 
required  is  the  value  of  Gl  for  this  peak  stress  which  is  the  square  root  of  the  sum  of  the 
squares  of  the  corresponding  values  of  gl  for  each  term  in  Eq.(6-3). 


6.5  Step  5  -  Computation  of  Probability  of  Damage  for  One  Sonic  Boom 

Next,  the  material  strength  or  damage  threshold  stress  Gs  is  required  from  the  data  in 
Section  4.4  along  with  the  corresponding  value  of  20  Ctl.  Default  values  for  Gs  and  the 
associated  Gl  that  were  developed  in  Section  4.4  are  summarized  in  Table  6-4. 


Thus,  given  the  strength  gs  and  imposed  stress  Gpk,  and  their  corresponding  values  of 
Ql,  the  factor  of  safety  F$  =  Gs/Gpk  is  computed  along  with  its  value  of  Gl  (Fs)  = 
VctLCGsJ^GLCGptc)2,  and  the  generalized  normal  distribution  variable: 
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Summary  of  Damage  Probability  Estimate  for  Unconventional  Structure 
Located  at  Center  of  SOA  Ellipse 
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Z  =  log  (Fs)/aL  (Fs)  V2 


(6-5) 


Then,  using  the  theory  and  computational  algorithms  outlined  in  Section  2.2  for  evaluating  the 
integral  of  the  normal  distribution,  the  probability  of  damage  (POD)  is  computed  for  each  type 
of  structure  for  the  basic  value  of  the  nominal  pressure  P0  corresponding  to  a  specified  position 
for  the  structure  within  an  SOA. 

6.6  Step  6  -  Calculation  of  Weighted  Probability  of  Damage  According  to 

Estimated  Frequency  of  Booms 

6.6.1  Weighted  Probability  of  Damage  for  SOA  Used  for  ACM  Training 

The  net  result  of  applying  the  preceding  calculation  process  is  shown  in  Table  6-4  for  a 
typical  SOA  for  a  structure  located  at  its  center.  The  columns  to  the  right  of  the  list  of  structure 
types  defines  the  intermediate  values  necessary  to  compute  the  values  of  POD  and  a  weighted 
value  PODn  as  explained  below  for  a  structure  at  one  position  for  one  sonic  boom.  Also 
shown  at  the  far  right  of  the  table  are  computed  values  for  the  peak  displacement,  velocity  and 
acceleration  response  for  the  one  condition  evaluated  in  the  table.  Information  on  expected 
ambient  vibration  response  levels  of  structure  from  other  sources  of  dynamic  excitation  of 
buildings,  such  as  human  activity,  nearby  road  or  rail  traffic  or  weather  (Sutherland,  1989) 
would  show  that  the  latter,  in  some  cases,  exceed  the  dynamic  response  of  structures  to  sonic 
boom. 


Table  6-5  presents  a  summary  of  the  probability  of  damage  occurring  for  an 
unconventional  structure  located  at  four  different  "elliptical"  radii  from  the  center  of  the  SOA 
ellipse.  The  distance  corresponds  to  positions  along  the  major  axis  of  the  ellipse  relative  to  the 
center.  The  same  probabilities  would  apply  to  distances  along  the  minor  axis  if  these  were 
reduced  by  the  ratio  ax/ay  (=  0.6)  of  the  standard  deviations  for  the  X  and  Y  axes  of  the  SOA 
ellipse.  The  damage  probabilities  listed  in  Table  6-5  have  now  been  weighted  by  the  variation 
in  expected  numbers  of  booms  per  day  as  a  function  of  position  within  the  SOA  ellipse  defined 
in  Section  3  by  Eq.  (3-2).  Thus,  the  probability  of  damage  values  listed  in  Table  6-5  represent 
the  weighted  probability  of  damage  on  any  typical  day  according  to  a  given  number  N  of 
sorties  per  month.  That  is,  the  probability  of  damage  PODn  occurring  on  a  given  day  and 
location  X,Y  in  an  SOA  ellipse  is  given  by 

PODn  =  POD- n  (6-6) 
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Table  6-5 


Probability  of  Damage  Per  Day  for  Unconventional  Structures  Located  at 
One  of  Four  Different  Elliptical  Radii  (X=0)  Under  an  SOA  Ellipse 
With  an  Average  of  500  ACM  Sorties  per  Month 


PROBABILITY  OF  DAMAGE  PER  DAY  FOR 
AVERAGE  OF  500  ACM  SORTIES  PER  MONTH 


;  ; 

1  ELLIPTICAL  RADIO 

3 ,  C  X  =  0 

]  ,  mi. 

No 

!  TYPE  OF  STRUCTURE  : 

:  o 

20 

40 

60 

'HISTORIC  BUILDINGS  ‘  i 

0 

WINDOWS,  TYPE  B,  2-10  ft2  j 

!  5.4E-03 

3 . 0E-03 

5.  IE-04 

2  .  4  E  -  0  5 

1 

MASONRY-STONE  i 

!  4.5E-05 

2 . 3  E  -  0  5 

2 . 9E-06 

3 . 4E-03 

2 

BRICK  ! 

!  4.0E-02 

2 . 3E-02 

4. 0E-03 

2  .  IE-04 

3 

ADOBE  WALLS  ! 

I  9.2E-04 

4. 9E-04 

7 . 0E-05 

2 . 6  E  -  0  6 

4 

WOOD-FRAME,  PLASTER  ! 

!  1.6E-02 

8 . 6E-03 

1.5E-03 

8 . 7E-05 

5 

WOOD-FRAME,  WOOD  WALLS  ! 

:  1.4E-03 

7 . 4E-04 

1 .  IE-04 

4 . 6  E  -  0  6 

6 

WOOD-FRAME,  OPEN  (BRIDGE)  \ 

:  1.1E-03 

5.8E-04 

8 . 7E-05 

3  .  5  E  -  0  6 

PRE-HISTORIC  STRUCTURES  ! 

7  A 

MASONRY/STONE-ROOF  OK  ! 

:  2.0E-02 

1.  IE-02 

1.9E-03 

1 . 4E-04 

7B 

MASONRY/STONE-NO  ROOF  ! 

!  1.4E-03 

7 . 5E-04 

1.2E-04 

5 . 3  E  -  0  6 

8A 

ADOBE  -  ROOF  OK  I 

!  3.5E-03 

5.8E-03 

1  .  OE-03 

5 . 0E-05 

3B 

ADOBE  -  NO  ROOF  i 

( 

!  1.2E-03 

6 . 4E-04 

9.7E-05 

4 . 0E-06 

SEISMIC ' LY-SENSITIVE  AREAS  ! 

i 

9 

WATER  WELLS/TANKS  ! 

2.1E-04 

1 .  IE-04 

1.7E-05 

6 . 5  E  -  0  7 

10 

EARLY  AM. PETROG. /CAVES  ; 

;  1.6E-03 

3 . 9E-04 

1 . 5E-04 

7  .  3  E  -  0  6 

11 

LOOSE  SNOW  AVALANCHE  ; 

!  8.4E-02 

4 . 9E-02 

9 . 7E-03 

5 . 3S-04 

12 

SLAB  AVALANCHE  ; 

;  3. IE-03 

1 . 7E-03 

2 . 3E-04 

1 .  3  E  -  0  5 

13 

LANDSLIDE  AREAS  ! 

t 

t 

;  2.1E-06 

1 . 0E-06 

1  .  2E-07 

2 . 9  E  -  0  9 

* 

MI3C .  UTIL. /METAL  STRCT ' R3  ! 

• 

14 

UTILITY  BLDGS-CONCRETE  BLCK 1 

:  7.7E-05 

3 . 9E-05 

5 . IE-06 

1 . 5  E  -  0  7 

15 

UTILITY  BLDGS-WOOD  FRAME  ; 

;  1.6E-03 

3 . 5E-04 

1 .  3E-04 

5  .  4E-06 

16 

UTILITY  BLDGS-METAL  FRAME  1 

!  3.6E-04 

1 . 9E-04 

2 . 6E-05 

9 . 4  E  -  0  7 

17 

RADIO  TELESCOPES  ; 

1 

i 

;  3.4E-07 

1 . 6E-07 

1 . 3E-08 

4. 0E-10 
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where  POD 


the  probability  of  damage  for  one  boom 


and  n  =  f  the  estimated  number  of  booms  per  day  at  the  specified  location  of 

the  structure 

0.0012N  exp  [-  j  (X/a'x)2  +  (Y/ay')2)]  (6-7) 


N  =  Number  of  ACM  sorties  per  month  into  SOA 

X,Y  =  Position  coordinates  of  the  structure  in  the  SOA  ellipse 

cx\  cty’  =  13  and  21.4  miles  respectively  (based  on  the  WSMR  tests,  Plotkin,  et  al., 

1984,  as  outlined  in  Section  3.1.1). 


The  same  information  shown  in  Table  6-5  for  structures  located  at  the  center  of  the  SOA 
ellipses  is  also  shown  in  Figure  6- 1  in  graphical  form.  The  code  numbers  across  the  bottom  of 
this  chart  correspond  to  the  structure  code  numbers  used  in  Table  6-1,  6-3  and  6-4.  The 
estimated  probability  of  damage  at  this  "worst  case"  position  in  an  SOA  used  for  ACM  training 
varies  widely  and  it  is  helpful  to  list,  as  follows,  the  structure  types  in  Figure  6-1  in  descending 
order  of  the  probability  of  damage  events  in  any  average  day  at  the  center  of  an  SOA  ellipse. 


Code 

PODn  @ 

Range 

No. 

Type  of  Structure 

X,Y  =  0 

ofPODn 

11 

Loose  Snow  Avalanche 

8.4  x  lO-2 

2 

Brick 

4.0  x  lO’2 

1  -  10%* 

7A 

Masonry /Stone  -  Roof  OK 

2.0  x  lO'2 

4 

Wood  Frame,  Plaster 

1.6  x  lO’2 

8A 

Adobe  -  Roof  OK 

8.5  x  10-3 

0 

Windows,  Type  B,  2-10  ft2 

5.4  x  10-3 

12 

Slab  Avalanche 

3.1  x  10-3 

10 

Early  American  Petroglyphs/Caves 

1.6  x  lO'3 

15 

Utility  Buildings  -  Wood  Frame 

1.6  x  10-3 

0.1-1% 

7B 

Masonry/Stone  -  No  Roof 

1.4  x  10-3 

5 

Wood  Frame,  Wood  Walls 

1.4  x  lO’3 

8B 

Adobe  No  Roof 

1.2  x  10-3 

6 

Wood  Frame,  Open  (Bridge) 

1.1  x  lO’3 

3 

Adobe  Walls 

9.2  x  10-f 

16 

Utility  Buildings  -  Metal  Frame 

3.6  x  10'4 

0.01  -0.1% 

9 

Water  Wells/Tanks 

2.1  x  lO*4 

14 

Utility  Buildings  -  Concrete  Block 

7.7  x  10" 3 

0.001  -0.01% 

1 

Masonry  -  Stone 

4.5  x  lO"5 

13 

Landslide  Areas 

2.1  x  10'6 

00001  -0.0001 

17 

Radio  Telescopes 

3.4  xlO'7 

<.0001% 

This  indicates  that  there  is  a  1  to  10%  chance  of  a  damage  event  occurring 
in  any  one  given  day  for  these  structures. 


1.0 


|  (a)  Structure  at  Center  of  SOA  Ellipse 


Code  No.  for  Type  of  Structure 


0  123  456  -  7A7BSASB  -  J  10111213  -  14151617 

■Code  No.  for  Type  of  Structure 


Figure  6-1.  Graphic  Summary  of  Predicted  Probability  of  Damage  Events  Per  Day  for 
Unconventional  Structures  Located  at  the  Center  and  40  Miles  (on  Major 
Axis  of  Ellipse)  from  Center  of  an  SOA  with  an  Average  of  500  ACM 
Sorties  Per  Month. 
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This  listing  has  been  broken  down  into  ranges  of  probabilities  differing  by  a  factor  of  10.  The 
result  indicates  the  most  sensitive  types  of  unconventional  structures  relative  to  potential  sonic 
boom  damage  in  an  SOA  area.  It  is  not  surprising  to  find  a  loose  snow  avalanche  at  the  top  of 
the  list  However,  recall  from  the  discussion  in  Section  4.4.6  that: 

(1)  such  "avalanches"  are  not  usually  dangerous  to  people  or  structures,  and 

(2)  the  probability  of  triggering  such  a  moderate  event  is  highly  dependent  on  the 
simultaneous  occurrence  of  the  sonic  boom  with  weather  conditions  for  which  such 
phenomena  are  most  likely  to  occur. 

Perhaps  more  surprising  is  the  estimated  high  damage  potential  for  brick  (historical)  buildings 
(code  no.  2)  and  prehistoric  masonry/stone  structures  with  an  intact  roof  (code  no.  7A). 
However,  it  may  be  recalled  from  Section  4.4.2.2  that  for  historic  brick  structures,  it  was 
assumed  that  old,  low  strength  mortar  was  involved  and  that  for  strength  of  prehistoric 
masonry  or  stone  buildings,  a  conservative  estimate  was  made  for  the  damage  threshold  stress. 
The  relatively  high  values  for  the  estimated  probability  of  damage  to  some  unconventional 
structures  located  under  ACM  training  areas  are  due,  in  part,  to  the  larger  variance  in  the  sonic 
boom  environments  for  such  areas  and  the  lower  mean  values  and  higher  variance  of  the 
damage  threshold  stress  for  the  more  sensitive  unconventional  structures. 

6.6.2  Sensitivity  Analysis 

To  provide  some  indication  of  the  sensitivity  of  these  results  to  variations  in  the  various 
parameters,  a  limited  error  analysis  was  made  by  examining  changes  in  PODn  for  three  separate 
types  of  changes  in  the  damage  prediction  model  parameters. 

(1)  Decrease  the  predicted  stress  response  by  50%  (this  corresponded  to  a  6  dB 
decrease  in  20  log  of  the  peak  s*  *  and  is  equivalent  to  increasing  the  factor  of 
safety  by  2). 

(2)  Increase  the  standard  deviation  Cl  in  the  log  of  the  peak  stress  response  by  0. 1 5 
(equivalent  to  a  3  dB  increase  in  20-Cl) 

(3)  A  similar  increase  in  cl  for  the  damage  threshold  stress 
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The  effect  of  these  different  changes  is  summarized  in  Table  6-6  for  all  of  the  four  elliptical 
radii  positions  in  an  SOA  ellipse  used  for  Table  6-5.  For  example,  for  brick  historic  buildings 
and  radio  telescopes  located  at  the  center  of  the  ellipse  (X,Y  =  0),  the  values  of  PODn  change 
as  follows: 


Change  Condition 
Baseline  -  no  change 
Decrease  Cpk  by  50% 

Increase  20  Cl  of  log  apk  by  3  dB 
Increase  20  ol  of  log  as  by  3  dB 


PODn 

Brick  Building 
4  x  lO-2 
9  x  lO'3 

7.4  x  lO'2 
6.2  x  lO*2 


PODn 

Radio  Telescope 

3.4  x  10-7 

1.4  x  10*8 
4.8  x  10*5 
4.8  x  lO*5 


Thus,  sensitivity  of  the  damage  estimate  to  changes  in  model  parameters  is  low  (changes  are  of 
the  order  of  2  to  4  times)  for  structures  with  high  baseline  values  of  PODn  and  very  high 
(changes  of  1  to  2  orders  of  magnitude)  for  structures  with  low  baseline  values  of  PODn. 

6.6.3  Damage  Estimates  for  Other  Types  of  Supersonic  Activity 

Table  6-7  summarizes  estimate  of  damage  probabilities  for  the  other  types  of  supersonic 
activity  identified  earlier.  These  estimates  cover  overpressures  ranging  from  1  to  128  psf  for 
structures  located  directly  under  the  flight  track  (where  the  statistical  variation  in  free  field 
pressures  is  lowest)  and  from  1  to  8  psf  for  locations  near  lateral  cut-off  where  statistical 
variation  in  free  field  pressures  are  highest. 

As  the  overpressures  increase,  the  probability  of  damage  increases  rapidly,  eventually 
reaching  a  value  greater  than  1  according  to  the  model.  In  other  words,  the  model  predicts 
100%  probability  of  damage  for  most  unconventional  structures  when  the  peak  overpressure 
reaches  128  psf  -  a  very  realistic  overpressure  for  very  low  altitude  supersonic  flights. 

It  is  important  to  recognize  that  the  damage  predictions  in  Table  6-7  are  predicted 
probabilities  per  sonic  boom.  In  the  absence  of  any  standard  data  on  frequency  of  air  traffic  in 
supersonic  corridors,  it  is  not  feasible,  at  this  point,  to  define  a  value  of  PODn  for  the 
probability  of  a  damage  event  per  day  for  such  supersonic  activity.  It  can  be  assumed,  in  this 
case,  that  every  supersonic  corridor  flight  will  generate  a  sonic  boom  providing  the  flight 
conditions  exceed  the  sonic  boom  speed  and  altitude  threshold  discussed  in  Section  3.1. 


6-15 


Table  6-6 

Evaluation  of  Sensitivity  of  Damage  Predictions  for  SOAs  by  Comparing  POD,,  Values  for  (a)  No  Change  in  Parameters, 
(b)  Decreasing  Predicted  Stress  Response  by  50%,  (c)  Increasing  20-O|,  for  Stress  Response  by  3  dB, 
or  (d)  Increasing  20  ol  for  Damage  Stress  Threshold  by  3  dB 

!  (a)  kr.»iK|  lialaatioi  laclora  ;;  (b)  Iccarac,  lialaiMoa  laclora  \\  (c)  Iccaraci  tialialloa  factor*  (d)  Iccarac,  lialatUoi  faclora  ; 
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from  Supersonic  Corridor  (Level)  Flights 


i  29  SD  denotes  20  tines  the  Standard  Deviation 
•  f  the  l  >e  if  liie  Karidtle.  _ 


6.7  Step  7  -  Calculation  of  a  Global  Measure  of  Damage  Potential 

For  a  given  study  area,  a  global  measure  of  the  potential  damage  to  any  one  type  of 
unconventional  structure  can  be  computed  by  summing  up  the  product  of  the  probabilities  of 
damage.  Pn  (weighted  by  the  frequency  of  sonic  booms)  times  the  density  of  such  structures 
over  any  given  area  to  come  up  with  a  space  average  probability  of  damage.  Such  a  process  is 
discussed  in  more  detail  elsewhere  for  structural  damage  prediction  under  low  altitude  subsonic 
Military  Training  Routes  (Sutherland,  1989).  However,  such  a  refinement  may  not  be 
necessary  in  most  cases  since  there  will  normally  be  a  very  limited  number  of  unconventional 
structures  of  any  one  given  type  within  any  given  sonic  boom  exposure  area. 

6.7  Summary 

A  step-by-step  procedure  has  been  defined  along  with  the  basic  computational 
algorithms  and  supporting  default  structural  response  data  for  prediction  of  possible  damage  to 
unconventional  structures  from  sonic  booms.  The  procedure  outlined  lends  itself  to  computer 
models,  such  as  the  USAF  ASAN  program,  for  a  more  detailed  evaluation  of  damage  potential 
for  such  structures  than  had  been  possible  until  now. 

Further  improvements  in  the  prediction  model  are  needed  to  refine  and/or  validate  the 
many  engineering  estimates  that  had  to  be  made  concerning  structural  damage  stress  thresholds 
of  many  of  the  materials  employed  in  unconventional  structures.  Fortunately,  however,  the 
damage  prediction  model  is  most  accurate  when  the  predicted  damage  probability  is  highest. 
Thus,  while  necessarily  limited  in  accuracy,  the  methods  presented  in  this  report  will  provide  a 
useful  and  rational  basis  for  carrying  out  a  preliminary  analysis  of  potential  damage  to 
unconventional  structures  from  sonic  boom. 


6-18 


REFERENCES 


Abramowitz,  M.  and  Stegun,  I.A.  (Eds.)  (1972)  Handbook  of  Mathematical  Functions  with 
Formulas.  Graphs,  and  Mathematical  Tables.  National  Bureau  of  Standards  Applied 
Mathematics  Series  55,  December  1972. 

Albert,  D.G.  (1989)  Personal  Communication,  U.S.  Army  Cold  Regions  Evaluation 
Laboratory,  Hanover,  N.H.,  August  30,  1989. 

Albert,  D.G.  and  Orcutt,  J.A.  (1989)  "Observations  of  Low-Frequency  Acoustic-to-Seismic 
Coupling  in  the  Summer  and  Winter,"  J.  Acoust.  Soc.  Am.  86(l):352-359,  1989. 

Alter,  D.,  et  al.  (1983)  Pictorial  Astronomy.  Harper  &  Row,  New  York,  1983. 

Andrews  Associates,  Inc.,  et  al.  (1965)  "Final  Report,  Structural  Response  to  Sonic  Booms," 
Prepared  under  Contract  FA-64- AC-6-526  for  the  Federal  Aviation  Administration,  February 
1965. 

Andrews,  D.K.,  et  al.  (1965)  "Structural  Response  to  Sonic  Booms,  Final  Report,  Vol.  I  and 
II,"  FAA  Report  SST-65-1,  Andrews  and  Associates,  Inc.,  and  Hudgins,  Thompson,  Ball  and 
Associates,  Inc. 

Armstrong,  R.L.  and  Ives,  J.D.  (1976)  "Avalanche  Release  and  Snow  Characteristics,  San 
Juan  Mountains,  Colorado,"  University  of  Colorado,  Institute  of  Arctic  and  Alpine  Research, 
Occasional  Paper  No.  19,  May  1976. 

Bailey,  W.H.  and  Kraska,  I.R.  (1970)  "Penetrant  Brightness  Measurement  Test,"  General 
American  Transportation  Corporation  Technical  Report  AFML-TR-70-141,  August  1970. 

Barkan,  D.D.  (1962)  Dynamics  of  Bases  and  Foundations,  translation  from  Russian, 
McGraw-Hill  Book  Co.  Inc.,  New  York,  1962. 

Bass,  H.E.  and  Bolen,  L.N.  (1980)  "Coupling  of  Airborne  Sound  Into  the  Earth:  Frequency 
Dependence,"  J.  Acoust.  Soc.  Am.  67(5):  1502- 1506,  May  1980. 

Battis,  J.C.  (1983)  "Seismo-Acoustic  Effects  of  Sonic  Booms  on  Archaeological  Sites, 
Valentine  Military  Operations  Area,"  Air  Force  Geophysical  Laboratory,  Report  AFGL-TR-83- 
0304,  November  1983. 

Battis,  J.C.  (1988)  "The  Effect  of  Low  Flying  Aircraft  on  Archaeological  Sites,  Kayenta, 
Arizona,"  Air  Force  Geophysical  Laboratory  Technical  Memorandum  No.  146,  January  1988. 

Beason,  W.L.  and  Morgan,  J.R.  (1984)  "Glass  Failure  Prediction  Model"  J.  Structural 
Engineering  110:197-212,  February  1984. 

Bishop,  D.E.  (1988)  "PCBOOM  Computer  Program  for  Sonic  Boom  Research:  Technical 
Report  Vol.  1,"  USAF  HSD/YA-NSBIT  Report  No.  HSD-TR-88-014  (Vol.  I),  October  1988. 

Blume,  J.A  and  Associates  (1965)  "National  Sonic  Boom  Study,  Structural  Reaction 
Program,"  FAA  Report  SST-65-15,  Vol.  1  and  2,  1965. 


R-l 


Brekke,  B.N.  (1959)  "Wind  Pressures  in  Various  Areas  of  the  United  States,"  U.S.  Dept,  of 
Commerce  Building  Materials  and  Structures  Report  152,  April  1959. 

Brown,  R,  et  al.  (1985)  "Sonic  Boom  Measurement  Program  -  Reserve  MOA,"  Wyle 
Laboratories  Report  WR  85-29.  January  1986. 

Brumbaugh,  D.S.  (undated)  "A  Report  on  the  Analysis  of  the  Effect  of  Helicopter  Vibrations 
on  the  Point  Sublime  Anasazi  Site,  Grand  Canyon  National  Park,"  Nonhem  Arizona 
University,  Dept,  of  Geology,  Contract  Repon  for  U.S.  National  Park  Services,  Division  of 
Natural  Resources. 

Carlson,  H.W.  (1964)  "Correlation  of  Sonic  Boom  Theory  with  Wind  Tunnel  and  Flight 
Measurements,"  NASA  TR  R-213,  1964. 

Carlson,  H.W.  (1978)  "Simplified  Sonic  Boom  Prediction,"  NASA  Technical  Paper  1122, 
1978. 

Chan,  G.C.  (1966)  "Fatigue  of  Reinforced  Concrete  Due  to  Sinusoidal  and  Random  Loading" 
Wyle  Laboratories  Report  WR  66-40,  1966. 

Clarkson,  B.L.  and  Mayes,  W.H.  (1972)  "Sonic-Boom  Induced  Building  Structure  Responses 
Including  Damage,"  J.  Acoust.  Soc.  Am.  51:  742-757. 

« 

Cook,  J.C.,  et  al.  •  (1972),  "Seismic  and  Underwater  Responses  to  Sonic  Boom,"  J.  Acoust. 
Soc.  Am.  51:  729-741,  1972. 

Crandall,  S.H  and  Kurzweill,  L.  (1968)  "On  the  Rattling  of  Windows  by  Sonic  Booms," 
J.  Acoust.  Soc.  Am.  44:  464-472,  1968. 

Crocker,  M.J.  (1967)  "Multimode  Response  of  Panels  to  Normal  and  to  Traveling  Sonic 
Booms,"  J.  Acoust.  Soc.  Am.,  42(5):  1070- 1079,  1967. 

Eldred,  K.  McK.  and  Sutherland,  L.C.  (1965)  "Estimating  the  Acoustic  Loading  on  Building 
Structures  Near  Launch  Sites,"  J.  Acoust.  Soc.  Am.  37:1189  (A),  1965. 

Eshbach,  O.Wr.  (1952)  Handbook  of  Engineering  Fundamentals.  John  Wiley  &  Sons,  New 
York,  1952. 

Forest  Service  (1968)  Snow  Avalanches  -  A  Handbook  of  Forecasting  and  Control  Measures. 
U.S.  Department  of  Agriculture,  Agriculture  Handbook  No.  194,  October  1968. 

Galloway,  W.J.  (1980)  "Development  of  C-Weighted  Day-Night  Average  Sound  Level 
Contours  for  F-15  Air  Combat  Maneuvering  Areas,"  Bolt,  Beranek  and  Newman  Repon  4430 
August,  1980. 

Galloway,  W.J.  (1983)  "Studies  to  Improve  Environmental  Assessments  of  Sonic  Booms 
Produced  During  Air  Combat  Maneuvering,"  AFAMRL-TR-  83-078,  October  1983. 

Gambill,  J.B.,  et  al.,  (1988)  "Design  and  Evaluation  of  a  Bracing  System  for  McDonald's 
Ranch,"  U.S.  Army  Corps  of  Engineers,  Construction  Engineering  Research  Laboratory, 
Draft  Technical  Report,  June  1988 

Goforth,  T.T.  and  McDonald,  J.A.  (1968)  "Seismic  Effects  of  Sonic  Booms,"  NASA  CR- 
1 137,  September  1968. 


R-2 


Gubler,  H.  (1977)  "Artificial  Release  of  Avalanches  bv  Explosives,"  Journal  of  Glaciology 
19(8 1):419-429,  1977. 

Haber,  J.  and  Nakaki,  D.  (1989)  "Sonic  Boom  Damage  to  Conventional  Structures,"  BBN 
Laboratories  Report  No.  6829,  NSBIT  Task  Order  0008(84),  April  1989. 

Hall,  S.  (1990)  Personal  Communication,  OL-AC  HSD/YA-NSBIT,  Wright-Patterson  Air 
Force  Base,  Ohio,  January  1990. 

Hershey,  R.L.  and  Higgins,  T.H.  (1976)  "Statistical  Model  of  Sonic  Boom  Structural 
Damage,"  FAA-RD-76-87,  July  1976. 

Hershey,  R.L.,  et  al.  (1975)  "Analysis  of  the  Effect  of  Concorde  Aircraft  Noise  on  Historic 
Structures,"  FAA  RD-75-118,  July  1975. 

Hey,  J.S.  (1973)  The  Evolution  of  Radio  Astronomy.  Neal  Watson  Academic  Publication, 
Inc.,  New  York,  1973. 

Hilton,  D.,  et  al.  (1964)  "Sonic  Boom  Overpressures  During  FAA  Community  Response 
Studies  Over  a  6-Month  Period  in  Oklahoma  City  Area,"  NASA  TN  D-2539,  December  1964. 

Holbrook,  J.R.  (1980)  "Historic  and  Current  Disturbances  to  the  Natural  Resources  of  San 
Miguel  Island,"  from  Potential  Effects  of  Space  Shuttle  Sonic  Booms  on  the  Biota  and 
Geology  of  the  California  Channel  Islands.  J.R.  Jehl  and  C.F.  Cooper  (Eds.),  Center  for 
Marine  Studies,  San  Diego  State  University  Technical  Report  80-1,  1980. 

Hubbard,  H.H.,  et  al.  (1986)  "Sonic-Boom  Research  -  Selected  Bibliography  with 
Annotation,"  NASA  Technical  Memorandum  87685,  September  1986. 

Hunt,  F.V.  (1960)  "Stress  and  Strain  Limits  on  the  Attainable  Velocity  in  Mechanical 
Vibration,"  J.  Acoust.  Soc.  Am.  32:  1123-1128,  1960. 

Johnson,  J.B.  (1982)  "On  the  Application  of  Biot's  Theory  to  Acoustic  Wave  Propagation  in 
Snow,"  U.S.  Army  Cold  Regions  Science  and  Technology  6,  49-60,  1982. 

Kamm,  H.W.  and  Kraska,  I.R.  (1971)  "A  Review  of  Nondestructive  Methods  for  the 
Detection  of  Concealed  Cracks,"  AFML-TR-7 1-120,  July,  1971 

Kao,  G.  C.  (1970)  "An  Experimental  Study  to  Determine  the  Effects  of  Repetitive  Sonic 
Booms  on  Glass  Breakage,"  Wyle  Laboratories  Report  for  the  Federal  Aviation  Authority 
FAA-NO-70- 13,  June  1970. 

King,  K.W.,  et  al.  (1985)  "Seismic  and  Vibration  Hazard  Investigations  of  Chaco  National 
Historical  Park,"  Open  File  Report  85-529,  U.S.  Dept,  of  the  Interior,  U.S.  Geological 
Survey,  1985. 

King,  K.W.,  et  al.  11988)  "Vibration  Investigation  of  the  Museum  Building  at  White  Sands 
National  Monument,  New  Mexico,"  U.S.  Department  of  the  Interior  Geological  Survey,  Open- 
File  Report  88-554,  1988. 

King,  K.W.  and  Algermissen,  S.T.  (1987)  "A  Vibration  Study  of  the  Archaeological  Ruins, 
Hovenweep  National  Monument,  Utah-Colorado,"  Dept.  Of  the  Interior,  U.S.  Geological 
Survey  Open  File  Report  87-181,  June  1987. 


R-3 


Konon,  W.  and  Schuring,  J.R.  (1985)  "Vibration  Criteria  for  Historic  Buildings,"  Journal  of 
Constr-wdon  Engineering  and  Management,  September  1985. 

Kryter,  K.D.,  et  al.  (1966)  "Definition  of  the  Effects  of  Booms  from  SST  on  Structures, 
People  and  Animals,"  SRI  Report  for  National  Sonic  Boom  Evaluation  Office,  June  1966. 

Lekson,  S.H.  (1984)  Great  Pueblo  Architecture  of  Chaco  Canyon,  New  Mexico,  University  of 
New  Mexico  Press,  Albuquerque,  1984. 

Lilliard,  D.C.,  et  al.  (1965)  "Effect  of  Sonic  Booms  of  Varying  Overpressures  on  Snow 
Avalanches,"  FAA  Report  SST-65-9,  1965. 

Maglieri,  D.,  et  al.  (1966)  "Ground  Measurements  of  Shock-Wave  Pressure  for  Fighter 
Airplanes  Hying  at  Very  Low  Altitudes  and  Comments  on  Associated  Response  Phenomena,” 
NASA  TN  D-2443,  July  1966. 

Maglieri,  D.,  et  al.  (1967a)  "Summary  of  Sonic  Boom  Signatures  Resulting  from  Atmospheric 
Effects,"  Sonic  Boom  Experiments  at  Edwards  Air  Force  Base,  NSBEO-1-67,  Annex  C, 
Pan  1,  1967. 

Maglieri,  D.  (1967b)  "Sonic  Boom  Right  Research  -  Some  Effects  of  Airplane  Operations  and 
the  Atmosphere  on  Sonic  Boom  Signatures,"  Sonic  Boom  Research,  Seebass,  A.R.  (Ed.) 
NASA  SP-147,  1967. 

Maglieri,  D.,  et  al.  (1969)  "Variability  in  Sonic  Boom  Signatures  Measured  Along  an  8000-ft 
Array,"  NASA  TN  D-5040,  i969. 

Mayes,  W.H.  and  Edge,  P.M.,  Jr.  (1964)  "Effects  of  Sonic  Boom  and  Other  Shock  Waves  on 
Buildings,"  Material  Research  and  Standards,  4:588-593,  November  1964. 

McClintock,  F.A.  and  Argon,  A.  S.  (1966),  Chapter  15,  "Brittle  Fracture,"  Mechanical 
Behavior  of  Materials.  Addison- Wesley  Publishing  Co.  Inc.,  Massachusetts,  1966. 

McMullan,  Frank  W.  (1987),  "McDonald  Ranch  Reaction  to  Misty  Picture,"  Kaman  Tempo, 
Albuquerque,  NM.,1987 

Merritt,  J.L.  and  Newmark,  N.M  (1964)  "Nuclear  Geoplosics  -  Pan  V  -  Effects  on 
Underground  Structures,"  DASA  Report  1285(V),  May  1964. 

Mickey,  W.V.  and  Shugart,  T.R.  (1964)  "Seismic  Disturbances  Generated  by  the  Titan  III 
624A  Solid  Motor  Sled  Test,"  U.S.  Dept.  Of  Commerce,  Coast  and  Geodetic  Survey,  October 
1964. 

Mickey,  W.V.,  et  al.  (1962)  "Ground  Motions  Induced  by  Saturn  SA-1  Launch  at  Cape 
Canaveral,  Rorida,"  U.S.  Dept.  Of  Commerce,  Coast  and  Geodetic  Survey,  June,  1962. 

Morris,  P.M.  (1948)  Vibration  and  Sound.  McGraw-Hill  Book  Co.  Inc.,  New  York  1948. 

Niedzwiecki,  A.  (1978)  "On  the  Loudness  of  Sonic  Booms  and  Other  Impulsive  Sounds," 
University  of  Toronto,  Institute  for  Aerospace  Studies,  UTIAS  RN-236,  1978. 


R-4 


Nixon,  C.W.,  et  al.  (1968)  "Sonic  Booms  Resulting  from  Extremely  Low-Altitude  Supersonic 
Flight  -  Measurements  and  Observations  on  Houses,  Livestock  and  People,"  AMRL-TR-68- 
52,  October  1968. 

Perla,  R.I.  (1980)  "Avalanche  Release,  Motion,  and  Impact,"  Chapter  7  of  Dynamics  of  fee 
and  Snow  Masses.  S.C.  Coldeck,  (Ed.)  Academic  Press,  Inc.,  New  York,  1980. 

Perroud,  P.  and  LeComte,  C.  (1987)  "Operation  'Bang  Avalanches,’  The  Sonic  Boom  Effect 
on  Avalanches,  Avalanche  Formation,  Movement  and  Effects,"  Proceedings  of  the  DAVOS 
Symposium,  September  1986,  LAHS  Publication  No.  162,  pp.  215-222,  1987. 

Plotkin,  KJ.  (1984)  "Sonic  Boom  Focus  Conditions  Due  to  Tactical  Air  Operations,"  Wyle 
Laboratories  Report  WR  84-8,  February  1984. 

Plotkin,  KJ.  (1985a)  "Focus  Boom  Footprints  for  Various  Air  Force  Supersonic  Operations," 
Wyle  Laboratories  Report  WR  85-22,  1985 

Plotkin,  KJ.  (1985b)  "Sonic  Boom  Prediction  Model  for  Supersonic  Corridors,"  Wyle 
Laboratories  Report  WR  85-25,  1985. 

Plotkin,  KJ.  (1989a)  "Review  of  Sonic  Boom  Theory,"  AIAA  Paper  89-1105,  AIAA  12th 
Aeroacoustics  Conference,  April  1989. 

Plotkin,  KJ.  (1989b)  "Sonic  Boom  from  Low  Altitude  Supersonic  Flights"  Wyle  Laboratories 
TN  89-9,  June  1989. 

Plotkin,  KJ.,  et  al.  (1989)  "Measurement  of  Sonic  Booms  Due  to  ACM  Training  at  White 
Sands  Missile  Range,"  Wyle  Laboratories  Report  WR  89-18,  September  1989. 

Power,  F.K.  (1964)  "Sonic  Boom  Effects  on  Light  Aircraft,  Helicopters,  and  Light  Ground 
Structures,"  FAA  paper  before  Am.  Soc.  Testing  Materials,  Chicago,  June  1964. 

Rathe,  EJ.  (1986)  Personal  Communication  to  H.E.  von  Gierke,  U.S.  Air  Force,  Wright- 
Patterson  Air  Force  Base,  18  March,  1986. 

Roark,  R.  J.  (1965)  Formulas  for  Stress  and  Strain.  McGraw-Hill  Book  Co.,  New  York, 
1965. 

Runyan,  LJ.  and  Kane,  EJ.  (1970)  "Sonic  Boom  Literature  Survey, Vol  1,  Summary  of  State 
of  the  Art,  Vol  2,  Capsule  Summaries,"  FAA-RD-73-129, 1  and  II,  September  1973. 

Sabatier,  J.M.,  et  al.  (1986)  "Acoustically  Induced  Seismic  Waves,"  J.  Acoust.  Soc.  Am.  80: 
646-649,  1986. 

Sabatier,  J.M.  (1988)  Personal  Communication,  University  of  Mississippi  Department  of 
Physics,  1988. 

Saurenman,  H.J.,  et  al.  (1982)  "Handbook  of  Urban  Rail  Noise  and  Vibration  Control,"  DOT 
Report  No.  DOT-TSC-UMTA-81-72,  Wilson,  Ihrig  &  Associates,  Oakland  California,  1982. 

Schroeer,  et  al.(  197 1 )  "Research  on  Exploratory  Development  of  Nondestructive  Methods  for 
Crack  Detection,"  AFML-TR-67-  167,  Part  IV,  February  1971. 


R-5 


Seaman,  L.  (1967)  "Response  of  Windows  to  Sonic  Booms,"  Stanford  Research  Institute 
Interim  Technical  Report  7,  SRI  Project  ETU-5297,  June  1967. 

Seiner,  R.H.  and  Tracy,  N.A.  (1972)  "Summary  of  Nondestructive  Testing  Applications, 
Pan  I,"  AFML-TR-72-174,  December  1972. 

Siskind,  D.  E.,  et  al.  (1980a)  "Structure  Response  and  Damage  Produced  by  Airblast  from 
Surface  Mining"  U.S.  Dept,  of  the  Interior  Bureau  of  Mines  Repon  of  Investigations  RI-8485, 
1980. 

Siskind,  D.E.,  et  al.  (1980b)  "Structure  Response  and  Damage  Produced  by  Ground  Vibration 
from  Surface  Mine  Blasting,"  U.S.  Dept,  of  the  Interior  Bureau  of  Mines  Report  of 
Investigations  RI  8507,  1980. 

Skempton,  A.  W.  (1948)  "The  Rate  of  Softening  of  Stiff,  Fissured  Clay,"  Second  Int'l 
Conference  Soil  Mech.  Foundation  Eng.  Pr,  Rotterdam,  Volume  II,  p.50-53,  1948. 

Smith,  E.W.  (1982)  "Adobe  Bricks  in  New  Mexico,"  NM  Bureau  of  Mines  and  Mineral 
Resources,"  1982. 

Smith,  P.R.  (1986)  "Effects  of  0.9  psi  Overpressure  on  the  McDonald  Ranch  House  Walls," 
Letter  Report  Submitted  to  Kaman  Tempo,  Albuquerque,  New  Mexico,  January  1986. 

Stagg,  M.S.,  et  al.  (1984),  "Effects  of  Repeated  Blasting  on  a  Wood-Frame  House,"  U.S. 
Department  of  the  Interior,  Bureau  of  Mines  Report  of  Investigations  RI-8896,  1984. 

Sutherland,  L.C.  (1968a)  (ed.)  "Sonic  and  Vibration  Environments  for  Ground  Facilities  -  A 
Design  Manual,"  Wyle  Laboratories  Report  WR  68-2,  1968. 

Sutherland,  L.C.  (1968b)  "Forces  Acting  on  Stationary  and  Moving  Obstacles  in  Plane  Wave 
Sound  Fields,"  Wyie  Laboratories  Report  WR  86-12,  October  1968. 

Sutherland,  L.C.  (1985)  "Predicted  Response  of  Sound  Level  Meters  to  Sonic  Booms,"  Wvle 
Laboratories  Report  TN  85-5  for  Systems  Research  Laboratories,  April  1985. 

Sutherland,  L.C.  (1989)  "Assessment  of  Potential  Structural  Damage  from  Low  Altitude 
Subsonic  Aircraft,"  Wyle  Laboratories  Report  WR  89-16  for  Martin  Marietta  Energy  Systems, 
Inc.,  October  1989. 

Terzaghi,  K.  (1950)  ’Mechanism  of  Landslides,"  The  Geological  Society  of  America, 
Engineering  Geology  Volume,  83-123,  November  1950. 

Thoenen,  J.R.  and  Windes,  S.L.  (1942)  "Seismic  Effects  of  Quarry  Blasting,"  U.S.  Bureau  of 
Mines  Bulletin  442,  1942. 

Timoshenko  S.  and  Woinowsky-Kreiger,  S.  (1959)  Theory  of  Plates  and  Shells.  2nd  Ed., 
McGraw-Hill  Book  Co.  New  York,  1959. 

Trapp,  W.J.  and  Forney,  D.M.  (1965),  Acoustical  Fatigue  in  Aerospace  Structures.  Syracuse 
University  Press,  1965. 

U.S.  Air  Force,  Final  Environmental  Impact  Statements  for  Valentine  SOA,  Gandv  SOA, 
Nellis  MOA,  and  Reserve  SOA. 


R-6 


U.s.  Navy  (undated)  "Final  Comprehensive  Environmental  Impact  Statement  for  the  Proposed 
Supersonic  Operating  Area  and  Other  Proposed  Actions  at  Naval  Air  Station,  Fallon  Nevada." 

White,  J.E.  (1965)  Seismic  Waves.  McGraw-Hill  Book  Co.,  New  York,  1965. 

Whitman,  R.V.  and  Clark,  G.B.  (1964)  "Nuclear  Geoplosics  -  Pan  D  -  Mechanical  Properties 
of  Earth  Materials,"  DASA  Report  1285(11),  May  1964. 

Wiggins,  J.H.,  Jr.  (1965)  "The  Effects  of  Sonic  Boom  on  Structural  Behavior  -  A 
Supplementary  Analysis  Report,"  John  Blume  and  Associates,  Final  Report,  Contract  No.  FA- 
SS-65- 12,  October  1965. 

Wiggins,  J.H.,  Jr.  (1969)  Effects  of  Sonic  Boom.  J.H.  Wiggins  Co.,  Palos  Verdes  Estates, 
California,  1969. 

Wilhelmsen,  A.M.  and  Larsson,  B.  (1973)  "Sonic  Boom  and  Structural  Damage,"  D3: 
National  Swedish  Institute  for  Building  Research,  1973. 

Wilson,  G.P.  and  Soroka,  W.W.  (1965)  "Approximation  to  the  Diffraction  of  Sound  by  a 
Circular  Aperture  in  a  Rigid  Wall  of  Finite  Thickness,"  J.  Acoust.  Soc.  Am.  37(l):286-297, 
1965. 

Yokel,  F.Y.,  et  al.  (1971)  "Strength  of  Masonry  Walls  Under  Compressive  and  Transverse 
Loads,"  National  Bureau  of  Standards,  COM-75- 10286,  March  1971. 

Young,  R.W.  (1986)  "Efficient  Monitoring  of  Aircraft  Noise  Near  a  Military  Operating  Area," 
Paper  before  NATO  Conference,  Aircraft  Noise  in  a  Modem  Society,  Mittenwald,  Germany, 
1986. 


R-7 


APPENDIX  A 


Bibliography 

for  Response  of  Unconventional  Structures 
to  Sonic  Boom 


Prepared  by 


J.J.  Girard 
Wyle  Laboratories 
128  Maryland  St. 

El  Segundo,  California 


A-l 


WYLE  RESEARCH 
TECHNICAL  NOTE 
TN  89-3 

BIBLIOGRAPHY 
FOR  RESPONSE  OF 
UNCONVENTIONAL  STRUCTURES 
TO  SONIC  BOOM 


Prepared  for: 

UNITED  STATES  AIR  FORCE,  HQ-ESC/RDCS 
Tyndall  AFB,  Florida  32403 

(Under  Contract  No.  F08635-89-0044) 


Prepared  by: 

J.J.  Girard 
L.C.  Sutherland 


WYLE  RESEARCH 
El  Segundo,  California  90245 


(J/N  59585-01) 


March  1989 


A-2 


INTRODUCTION 


This  bibliography  has  been  assembled  in  response  to  item  4.1  of  the  contract 
statement  of  work.  This  literature  is  to  aid  in  defining  unconventional  structures 
and  their  sensitivity,  and  response  to  sonic  booms.  Literature  on  objective 
analytical  methods  and  means  of  non-destructive  condition  assessment  has  been 
included.  To  simplify  utilization  of  this  bibliography,  the  literature  has  been 
broken  down  into  three  broad  categories:  response,  condition  assessment,  and 
damage. 

The  primary  concern  is  response  of  unconventional  structures  to  sonic  boom. 
Literature  reviews  and  papers  on  multiple  or  general  topics  have  been  grouped 
together  under  this  heading.  Several  papers  are  also  included  on  underwater  and 
seismic  response  to  sonic  boom.  Papers  on  the  effect  of  sonic  boom  on  structures 
have  been  placed  into  several  sub-categories.  The  sub-categories  include  response 
of  buildings,  non-linear  aspects,  and  response  of  specific  structural  elements  such 
as  windows,  individual  wall  panels,  or  bearing  members.  Another  sub-category 
concerns  studies  of  the  dynamics  of  liquid  storage  tanks. 

Papers  concerning  other  forms  of  acoustic  excitation  and  response  aspects 
have  been  included  as  well.  For  a  broader  understanding  of  response  to  transient 
sonic  excitation,  several  papers  on  blast  response  have  been  listed.  Papers 
regarding  response  of  primitive  structures,  an  important  subject  of  this  program, 
were  concerned  with  a  variety  of  excitation  types.  In  order  to  group  these 
together,  a  category  was  formed  for  aircraft  and  general  noise  excitation.  Papers 
on  the  effect  of  structures  on  sonic  boom  signatures  have  been  placed  under  the 
heading  of  Indirect  Effects  and  may  be  of  little  concern  to  this  study.  The  effect 
of  ground  motion  on  structures  has  also  been  placed  under  Indirect  Effects,  as  a 
structure  may  be  excited  by  a  sonic  boom  through  acoustic  coupling  to  the  ground. 
A  category  has  also  been  included  for  response  and  damage  prediction.  This 
includes  analytical  and  numerical  codes  for  response  prediction  and  statistical 
codes  for  damage  probability. 

The  papers  on  condition  assessment  are  grouped  into  two  categories. 
Guidance  on  general  assessment  of  aircraft  noise  effects  may  be  found  in  the  first 
list.  The  second  is  concerned  with  nondestructive  evaluation.  The  techniques 
which  were  deemed  most  likely  to  be  useful  for  unconventional  structures  are  set 
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into  sub-topics.  These  are  photography,  mechanical  impedance,  acoustic  methods, 
and  visual  observation.  These  techniques  may  be  helpful  in  documenting  the 
damage  an  unconventional  structure  might  sustain  as  a  result  of  sonic  boom 
exposure.  This  damage  is  likely  to  be  slight  for  one  given  boom  but  may 
accumulate  over  time.  For  this  reason  accuracy  in  making  an  assessment  of 
potential  damage  from  a  limited  number  of  exposures  to  sonic  boom  is  of  prime 
importance. 

Papers  -pertaining  specifically  to  damage  from  sonic  boom  are  listed 
together.  Literature  on  sonic  boom-induced  avalanches  and  damage  to  structures 
and  glass  are  set  into  subtopics.  Papers  on  damage  from  blast  and  general  noise 
are  placed  together.  Analysis  of  damage  claims  from  aircraft  noise  and  environ¬ 
mental  impact  statements  are  included  to  aid  in  defining  unconventional  structures 
and  their  sensitivity. 

The  literature  listed  under  the  broad  topics  of  response,  condition  assess¬ 
ment,  and  damage  has  been  assembled  and  grouped  for  easy  access.  Under  each 
subtopic,  the  literature  is  listed  alphabetically  by  author. 
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METRIC  CONVERSION  CHART 


1  ft 

= 

0.3048  m 

1  in 

= 

2.54  cm  =  0.0254  m 

1  ft2 

- 

0.0929  m2 

1  in2 

- 

0.0006452  m2 

1  lb/ft3 

- 

16.02  kg/m3 

1  lb/in3 

= 

27,683  kg/m3 

1  lb 

= 

4.448  N 

1  psi 

= 

6895  Pa  (N/m2) 

1  psf 

= 

47.88  Pa(N/m2) 
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B .  2  PHYSICAL  PROPERTIES  OF  MATERIALS 
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© 

©Iv^y 

© 

! 

Oh  i 

Moduli 

Endurance 

MaOuiut 

?Oi UOn  | 

lou 

Oenjifv  1 

iutding  Malarial 

AHowaote  Strength 

at 

i»iinit 

Mod  of 

*0t!0 

pOC»Or 

P/ CU  •*  1 

Rigidity  | 

86/  to  4  •  >1 

tuOnj'V 

>1 

0/  ta  r  | 

Como. 

T»n*  ion 

Sh«ar 

P« 

■  ^ 

_ 

1 

METALS  (Continued) 

Copper 

0.03-0.5 

m 

0.33 

0.T53 

555 

Anneoied 

30.000 

33,000 
35., TO  0 

23,000 

Coid  Rolled 

38,  000 

45,000  - 

23,000  - 

1 19. 0001 

53,000 

28,000 

50,000  □ 
{19,0001 

(11,0001 

Gray  Ca«f  Iran 

0.35-0.5 

0.25 

430  ■ 

*  20 

75,000 

20.000 

13,000) 

12 

1  >0,000  | 

13,0001 

151 

#  40 

40,000 

18 

; 

■ 

;7] 

Structural  Sfeel 

30.000  - 

52.000  - 

37.000  - 

0.65 

29 

0.33 

0.001  - 

490 

41.000 

75.000 

52,000 

;i2i 

0.003 

121,000) 

[21.000 

33.0001 

114.000) 

U-m® 

„ 

MOST  A* 

45-70 

General  Mia 

0.8-1  3 
23(9) 

i  C  am#m:  Li  me :  Sand) 

Sy  Velum* 

1.1:6 

900  - 

153  . 

45  - 

2.800 

350 

n 

100  - 
750  M 

I  :  1/2  to  1  :  4*1/2 

2. 100  - 

270  - 

55- 

3.000 

',800m 

400 

70 

1  •  1  4 •  2*1/ 4  re  3.0 

4.  300  - 

420  - 

•  T ype  A*l) 

5,500 

2,  500  M 

450 

1  1.4  ro  I  2:  2-1/4  ro3.0 

2. 100  - 

250  - 

T/poA-2) 

2.300 

300 

1.800M 

Htgn  Bond  Mortar 

1  0:2-1  -  2  to  3 .0  (with 

5.000- 

450  - 

140  - 

1  0  - 

'  5%  ro  20%  Soron  Pelymor) 

10.000 

1.100 

250 

1.3 

Stucco 

1 : 1/ 4:3-1/ 4 

1,500  - 

2.800 

STONE  ,  Building} 

Orem  to 

7.700  - 

600  - 

2,000  - 

1.400  - 

5  7-3.2 

'50-190 

50.000 

1,000 

4.800 

5,200 

li  «••©*# 

2.500  . 

280  - 

300  - 

500  - 

7  5  - 

150-170 

28.000 

900 

4.500 

2,300 

12.4 

Morolo 

3,000  - 

ISO  - 

1.300  - 

500  - 

7.2- 

I50-'80 

50.000 

2.300 

6,500 

5,000 

14  5 

I 

Sondpone 

5,000  - 

280  - 

300  - 

VO  - 

1  9-7.7 

'35-160  | 

20,000 

500 

3.000 

2,300 

Slot# 

3.000  - 

2.000  - 

6,000  - 

9  9-18 

'70-180 

4.300 

3.500 

15,000 

SYNTHETIC  MATERIAL 

' 

Acrylic  i  Pl«a«giOM> 

'8.000 

10.500 

'6,000 

3.43 

0.002 

i 

! 

1 

1 

•^C« 


32.-49 


50 


31 


9.29 


2,  5 


«a.  ta 
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TABLE  B.2-1  (CONTINUED) 

PHYSICAL  ^CPfttlES  OF  VARIOUS  BASIC  SUHOING  CONSTRUCTION  MATERIALS 


Bunding  Matof'ot 


Allowqot*  Strength  ' 


I  Pooling _ j  I *iQO<f 


®  |  Vou^fl  ^ 


I  EnOuronCdi  Modulus  I  Ponspn  t  j  .oil  lOtmify 

j  j  Mod-  of  I  Patio  j  Factor  j  e/eu  f* 

,  «■*«*'!  j  „  i  ,  b/« 


•valI  iConnnuod) 


1QM  8r»cx  -Brie*  Cavity 
MOW 


!0"3r.«-t;i#Cav.rv  *oil  |  238  j  3.20  j  S3 

'0”  Blooi  -Bloc*  Cavify  Wolf  I  315  !  3.35  50 

Solid  Cone  rot*  Unit  | ;  100-’.  401  6) 

Masonry.  with  Ordinary 

Mortar 

Hollow  Concrat#  Unit  ’^3)  5) 

Masonry,  with  Ordinary 
Martor 

P.  n^orcad  Solid  Conctota  1 '250-3001  ]  30-5Q1 

Unit  Masonry  j 

Painforcad  HoUowad  225)  1  30-50) 

Concrdta  Unit  Masonry  | 

*ood  f  rama  Wall ,  or 
Partition.d  Ft .  High 

Conventional 

Conduction: 

•  hfoll  Using  2x4  Studs;  92-140  \  .5-2  20-38 

16'o.c.,  VIA"  Plywood 
Smoothing;  1/4"  Plywood 
or  :/4"  ro  1/2"  Wdll- 
ooord  Insido  Foca:  with 
Siding  or  Shingl*;  T OtOl 
Wail  Thicxntm  5—  I /A" 
ro  5-7/8" 

-  Mo II  Uimg  2*4  Studs;  90-157  2  --2.4  j  '9-24 

Ido  c..  25/32"  Shaath-  0. 4-0.0-^ 

-g  Board,  tovai  Siding 
or  Sningia  OuM»do  Focst; 
tom  and  P<a»Of  Inwda 
Foe#.  Total  Thicxnass 
6"  *o  7" 

-  nrall  Uung  2x4  Studs;  52.5  2.2/-v  51 

'  A’o .  c . .  25/32"  Shadth-  0  83  'W 

ng  Board  and  Brie*  0.52 

v#n oar  Outuda  Foed; 

Lath  and  P*addt  inado 

FdCd;  To»dt  Thick  nos* 

10-1/4"  I 

-  Wail  Using  2x4  Studs;  83.5  2-34—.  26 

!*•««..  23/32*  5h*»n>-|  0.6  Qi) 

«g  Board;  Mora*  Lath 
and  Stucco  Outstdo  Foeg 
Loth  and  Pldddr  In*  do 
sdc«,  "otoi  Thick nass 
6-3/  4-' 

-  nrdll,  or  Partition,  Using  lid  2.5  ‘0.5 

2*4  Studs;  id’a.c  , 

Fibaroootd  Shoots  Both 

eae*s.  Total  Thieknast  j 

4-1/2"  I 

-  Soma  as  aoova  Ex  coot  68-70  j  |  7-2  3  I  H  4-2. 

Siddwmgtard  Addod  to 

**»•  Outuda  Foe#;  Total 
Thtcxnass  5-1  *  2"  j 


92-140  1.5-2 


90-157  [2  1-2.4  I  ’9-24  | 

3.*-3.a_  j 


3  3-0  4  i  0. 1 

0.75-0  *d 


671  ;  36 


62!  1  37 


:!  4.5-5.51,  It .  40 

4144 

!  ■  ‘5 


. *-10.51  !  45.39 


4.51  39,47 
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TABLEB.2-1  (CONTINUED) 

’MY5ICAL  *tC?HTI£S  Of  /A«tOUS  USlC  SUILOINO  CGnSTSuCICn  MATERIALS 


a,,  z  -“<5  o> 


ai'Owoph  St'onqtn  i 


3,  qI,  ® 

•  ?0C*|^9  I^oocf 


CDiv^S 

E-Oui-Onct  I  MoOij'wl  i  ®5-<i on  1 
..n»it  Moo.  3f  1  33t.0 

»  9iOifv 


u  ALL  CanM^#o) 


3arr«*.o« .  Jung  2*4  j 

St^dt;  'd*o.«..  *Vai I  j 

Soars  a*  dor*  at;  J 

'srai  "hiconott  4-5/3"  j 

•vail  Uimq  « J  Stud*;  1  5 1 
a  c.  2/  9**  Cwrtiaa  a*d  j 
4  *  '-'sia*  Plywood  i 

23Ct$.  'oral  ThieoftOtt 

2-:  3" 

Pqr*’>iOn,  Sam#  Con*  | 

IfruC'.OO  31  AQOv«  except 

4"  P'ywooa  facet  a* 
dor*'  -acet.  "dtai  "hicK-l 


Moral  Panel  rfrptl* 

-  Snoot-Stool  vVaM,U»i*9  223 

3*  Stool  Channel  Srudt; 

0''  3 . ,  Shoot-Stool 
an  dot*  Pacot;  :  9  9090 
Stooi :  Total  7hie*no*» 

3- 

-  Shoor-Steoi  «Vall,  Utin?  230 

'6‘  *‘da  Out u da  Chon- 

-el  Shaped  Shoot  Stool 
Panel.  rb"  **'•  do  Imido 
Shoot  Stool  **anei  *ood 
Strip  and  <ey  Caatfrvc- 
•ipn  •«  Joining  Panel*; 

'3  Gage  Stool;  fdt«i 
Thiexnott  3“ 

-  ShoOt-StOOl  Partition, 

Ji»r*9  3"’  Stool  Channel 
S*udt;  '6"  3  .  c  .  .  or 
Jiing  ’"ode  Chqrwio^ 

>oood  Stool  »anei;  I 
•vaiipoord  on  3o*n  Facet! 


Stooi  3  oof  3e«*;  !8  *0  12 

Gage  Stooi 

3hoo»-Stooi  *oo#  w.rh  Joiw, 
A-910,  Zoo,  Inojiot.on 
Board,  and  fiuilt-MI 
loafing 

•Vpod  from*  *00#:  t  *4  Jot*, 

’  t-l/4**  a.c..  Judging, 
25"  a.c . .  3/8"  Plywood 
Sreatning;  1/4"  plywood 
Ce'iing 


1  9-31  9 


.10  5-121  !  S3 


TABLE  B.2-1  (CONTINUED) 

»HYSlOM.  nOf**T\E5  Of  Vinous  SASIC  SU1LOING  constiuction  MATERIALS 


Den¬ 

ary 

Fiber  Strength  ot  Frooortion  Limit, 
Aiiowooie  Strengtn  in  {roc«efl 

.  >0'34y 

© 

Ultimate  Stotic  Bonding 
«  I0'3  4*  (?) 

Mae  .  Comoret- 

Sion  Crutnmg 

Strengftt  «  i  0  ou 

End¬ 

urance 

L.m*  r 

© 

iu>id‘ng  Motor  >di 

b 

I,3 

CampteufOn 

’«r*uon 

ienai 

'9 

Fatal  ie« 

smi_ 

Mae. 

Moa.o# 

Young  *  Modu'wl 

— 

For  to 
Gram 

Fer p  to 
Grdir* 

r— — ' 
For. to 
Grom 

— 

Fero.  to 
G'din 

*o  arj 

Horn . 

Shaw 

Ruotute 

Parallel 
to  Grom 

For  ro 

Grain 

Ferp.to 

Grom 

— 

Far  to 
Grom 

Poro  .to  | 
Grom  ] 

S»onc 

Impact 

-vOOD.TIMIES  A  NO 

T 

Reference*:  1 

- 1 - 

2.  3.  4,  5.  7. 

7,  18.  2 

- 1 - 

1.  22  .  23,5<\ 

j 

>iwooo  (53l 

DrxigiOi  fir 

26-30 

4.4  - 

2.32 

© 

© 

6.3- 

M  3 

0.12- 

6.8- 

1.400- 

1  a  36- 

■  37- 

0  3 

6  45 

3  35 

8.1 

:  2.7 

0.  ’51 

9  6 

1.900 

7  42 

1  9 

See  Legend  f» 

’  23- 

0  20- 

:  1  6- 

3o-tion  »  Fat'O.  £lo*nc 

’  *31 

3.281 

2  61 

Fono,  V,g(oity  8otio 

and  Mor«r>a4  Lou 

Factor  o<  Oaugtat  Fit.) 

kitom  Fir  and  Whit* 

22-24 

3  37- 

0.38- 

© 

© 

3.2- 

7  9- 

.0  1 1 

7  6- 

1 ,2»- 

4  53- 

3  71- 

F  :f 

3.97 

0  4l 

6.3 

11  2 

9  3 

1.470 

5  38 

0.93 

0  95  1 

0.  II- 

!  '  .3- 

3  22! 

'  61 

Hemiocfc  Eadem  and 

25-26 

4.02- 

0.48- 

© 

© 

6  l- 

-.0  7- 

,0.10- 

8  9. 

1,200 

5  41- 

1  06-  • 

Wedem) 

3.34 

0.8 

6 . 8 

12.4 

0.111 

10  1 

1,430 

6.21 

i  !7  ' 

!  0  93- 

.0.221 

l  1  6- 

1.201 

1.?! 

Pine  iLodgaooie.  fSorth- 

22-25 

3.48- 

3.54- 

© 

© 

6.0- 

<?  5- 

10.09- 

9  2. 

1.260- 

4  34- 

0.9- 

ern  White,  Wedern 

4  4a 

0.75 

6.7 

!  1  .9 

0.121 

9  5 

1,510 

5  62 

1  : 6 

White  and  Ponderat* 

10.95- 

10  14- 

,1  3- 

1  031 

0.191 

'  .41 

Fine  i Southern  Yellow 

30-32 

4.32- 

0.33- 

© 

© 

7.7- 

12. 1- 

10. 14- 

12.5- 

1 , 760- 

7  08- 

1  23- 

and  NdfweQrOn) 

4  13 

t  19 

9  4 

•  5.9 

0.191 

14.7 

1,990 

8.44 

1.50 

! 1 .03- 

10.14- 

1  1  .4- 

1 .701 

0.281 

2.41 

Spruce  llddern) 

25 

4.  14 

0.59 

© 

© 

4.5 

II  4 

iO. 121 

to  1 

1,440  1 

5  59 

1  07 

0  3 

|!  031 

'0.191 

1  1  41 

1 

Fly  wood  (Doug  lot  fir) 

30 

|I8- 

1.94 

4.18 

3.91 

9  34 

0  15- 

1  . 530 

126 

! 

2.51 

0  33- 

2.0- 

0  171 

0.411 

3  01 

■ 

F* y wood  (White  fir) 

25 

1.8I 

5.47 

3.70 

9  2 

1,580 

tco 

! 

1 

F'ywood  1  White  Fine) 

26 

1  *  ■  3- 

2  05 

572 

3.34 

10  13 

'O.t  - 

1 .5*3 

1 1 1 

>.43! 

0  2*- 

1  4- 

0  .  i  4) 

0  281 

2  01 

F'ywood  (Southern  Fin#) 

12.0- 

0  35- 

2.7J- 

:0  8- 

1.300 

2.331 

0.4l| 

3  201 

0  221 

Fly  wood  (  HetnlOCH ) 

29 

!>  45- 

1  94 

4.3 

4  58 

9  25 

0  '3 

1.530 

M2 

2.01 

0.33- 

2  3- 

0M5) 

0.331 

2  41 

1 

1 

' 

. 

i 

! 

i 
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LEGEND  FOR  TABLE  B.2-1 


0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


.  X  ... 

--.e~gtn  *  a  •"  z~  grass  area  *  asoi  cac*  values  '"ay  ae  given  as  average  /ai^es  ar  as  -anges.  /a-ues 

• a  av^ea  av  ef*«r  vr  -aicate  —  •  -  •  ~u  m  ••-•*■  as  asorovea  av  American  S*anoaras Assoc  arian  .  -ai^es  -O'  o-ea 

;v  ef*er  D'  -clcare  av-am-c  strengrn  /c--es  "  scuare  arac*ers  "O'care  a^  Owooie  sr-e^gm  : ammom v  -ecar-me-cea 

Vodu vs  of  3uptu-'e  s  aer'I^ed  as  •-«  sr-ess  gi  ay  'ormoo  Vic  I.  •'•"ere  M  s  •-«  ~a*’mum  aer'd-g  "oner’  -  3 

-ec'*  'Sec  — en  accea  -a  '.orure,  c  s  "e  ^stance  ••off'  "'e  -cutrai  axis  *a  i*»'en*e  ;:aer.  c~a  1  s  *~e  area  “"cme"* 
a*  -er»-a  •  1  :  ;c  «'Ov»n  as  'exurai  'e^sne  strengrn 

**ac*  on  a*  .  ’9nsi  e  stra^gtH  at  0^  :vc  es  of  oacing  ■  "*  5-N  cur vei  of  some  common  ■"atenais  are  sna-»o 

-  F  gure  B.2-6 

3orn  Young  s  Moau-wS  or  cost. city  ana  moau'us  or  -giairy  are  aetermmea  ay  stot'c  'esM,  exceot  '"ose  voices 
a/  a  et*er  0* .  ■<vnicn  "dicates  from  aynomic  *ests.  /otues  of  ^oduiyi  of  -igiaify  are  given  n  sauare  aracxers 

•".»  ■"arer-ai  aamoing  rerm  s  aerinea  os  -  =  '  Q  s  2  £  -'•'’ere  0  s  ’*e  oy^owc  magnification  *ac*or  ar  'esonance, 

ara  ;  s  •"«  crirical  domomg  '3fio  C  C_  -faiues  Of  n  are  given  ;or  a  *recuency  -arge  of  '00  'a  OGO  cas 

Determined  ay  shock  ~ave  oroDagation  metnoa,  3  v«fy  cos»  *or®  af  oading. 

Srrengrn  also  aeoenas  on  size  of  giass  Plate. 

Strength  also  aeoends  on  :00a  duration,  -esr  oefoa.  asoeef-'ato  ana  "oture  of  oaaing  See  F-ggres  B.2-1  '*rougn  B.2-5 
•or  /af  out  service  conaifions. 

Lateral  loading  (ar  glass  alock;  or  oeroenaicuiar  oading  for  »*e  case  of  mortar 
Bending  parallel  to  fiber  of  surfacing. 

Bending  across  fiber  of  surfacing. 

3ased  on  10^  cycles  of  loading . 

Yield  strength  of  structural  steel. 

Vertical  compression  load  on  «ail  sample.  Values  in  p$i 

Transverse  load,  'b/In^  of  Efface  area,  aosed  an  equivalent  uniform  oterai  oading  on  outside  *'ace 

A  mtofcrtmsnt  of  diagonal  tension  and  shear  strengrn,  b/  In^  ,  aosea  on  cross-sectional  area  of  ~ai !  . 

Mo*  1  mym  drop  Height,  in  feet,  of  a  60  'b  sandbag  *Har  causes  soecimen  failure.  *Va'l  span  T-3  2  suooor*ea 
along  too  and  bottom  edges  at  Interior  face.  Df  00- load  on  exterior  face. 

9,aster  craacs  on  inrerior  side  of  wall 

Mortar  cracks  on  exterior  brick  veneer 

Small  clear  soecimen,  free  of  defect,  overage  moisture  '2  oercent  for  «ood  and  t-moer,  or  ?  percent  *'or  oiywood. 

-or  various  service  conditions,  see  Taole  B.2-2 

For  clear  material  under  long-time  service  at  maximum  design  load  ana  dry  condition  j*e. 

Strength  much  higher  than  the  correoonding  comoressive  strength. 

Approximately  three  time*  the  corresponding  values  of  m#  comoressive  strength. 

Douglas  fir: 


Roiiion't  Ratio 

c  ast. c 1  %-  ^atio 

Algidity  ^atio 

-l*  *  °  229 

Et,  E,  =  0  350 

3:,  ei. =  0  :64 

-LT  *  0.450 

E,  E:  =  3  363 

O  T  E,  *  3.078 

-,T  «  0.390 

3,T  E^  =  0.307 

-,L  *  0.036 

Loti  doctor 

-  0.029 

n  =  3  .-06  - 

T,  “  0  :174 

=  3.313 

enere  luoscripts  L,  and  T  naicat#  'ongi rudmai ,  adiai,  and  tangential  respectively . 
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loud 


>5  20  30  «3  30  so  30  00  150  200  300 


~30d ,  b  ,  uj  ft 

- i— t— -i— 0— A— — i  _ 1 _ I 

i>0  70  30  90  '00  120  '50  •  200  300 

"Vi*d  V •loCify  ,  "O" 

FIGURE  B.2-1  A|j0>»oel«  Loads  for  Minimum  Thickness  of  **cton- 
90 1 or  P‘at*  and  Window  Glass,  Four  Side*  Suooorred, 
Sutti*«t*d  to  wind  Load  (Solid  Lines)  and  Sonic  boom 
Gained  Lines),  or  rn*»r  Equivalents.  On*  Minute 
Uniform  Loading,  *  tor  esemat '  v#  of  'Fastest  Mil* 
Wind.  *  Wn*r*  Snort  S-de/Long  5. <3*  <_  1/1,  Adjust 
Gian*  Ar*o  Jy  Uimg  Figure  12.2. 


<tatio  of  Short  Sid*  to  Long  Sid* 

FIGURE  B.2-2  Aio*cf*4atio  (Short  Sid*/ Long  S.o*i 

Correction  Factors  tor  ^ectanguior 
Gioss  Panels. 


Annealed,  Vacuum-^ 


Anneoied.  Air* 


Annealed.  Air 
,(CyCUc  Tests ,  U  r^m) 


Static  wood  Duration.  Minutes 

FIGURE  B.2-3  Strength  of  Gloss  dt  Function  of 

Load  Duration 


Stress  Duration,  Second 

FIGURE  B.2-4  Stress -Tim*  Characteristics  and 

Dynamic -Fatigue  Choroereruti cs  of 
G  lass  at  *oom  T emoerotur*  . 


•indicates  Stotic  Test. 


FIGURE  B.2-5  fenrarive  Damage  Criteria  '’or  Giau  Pane t  of  Var.o u»  "Wicune**#* 

and  «V.r»<ao^  txoosed  ^ofiODm  &cPui>>c  Noise.  ^doored  Sn 
P#g« er,  #fol.  Non#  Confrot ,  '  4,  13-19.  959. 
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Appendix  C  -  Analytical  Background 


C.l  Relationship  Between  Various  Spectral  Measures  of  Sonic  Boom 

For  a  finite  pressure  pulse  P(t)  starting  at  time  0  and  ending  at  time  T,  the  Fourier 
Spectra  P(jf),  or,  for  simplicity  in  notation,  P(f),  is: 

T 

P(f)  =  jP(t)  e-J2jtft  dt,  psf-sec  (1) 

0 


The  Energy  Spectral  Density  E(f)  is,  by  definition  (Kryter,  et  al.,  1966): 


E(f)  =  !P(f)l2  (psf-sec)2 

(2) 

_  T 

The  mean  square  pressure  P2  is  4)  |P(t)  ■  P(t)  dt  =  SE/T 

1  0 

(3) 

where  SE  is  the  sound  exposure  for  the  event  over  its  duration  T. 

+oo 

But,  from  the  inverse  Fourier  transform,  P(f)  =  J  P(f)  eJ2rtft  df,  then 


_  T  +oo 

P2  =  4)  jP(t)  [  JP(f)  ei2*ft  df]  dt,  (psf)2  (4) 

1  0  -OO 

T 

Since  the  complex  conjugate  P*(f)  of  P(f)  =  JP(t)  d2;:ft  dt  and  changing  the  order  of 
integration  in  Eq.  (4)  and  since  the  complex  Fourier  spectrum  is  symmetrical  about  a  zero 
frequency: 


+o°  00 

P2  =  4)  /  P*(f)  ■  P(f)  df  =  2rJ  IP(f)l2  df 

1  _  In 


(5) 


Now,  define  the  Sound  Exposure  Spectral  Density  SE(f),  such  that  the  integral  of  this 
spectrum  from  0  to  infinite  frequency  is  the  sound  exposure  SE,  or: 

OO 

SE  =  J  SE(f)  df  (psf)2-sec  (6) 

0 
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oo 


Combining  Eq.  (3)  and  Eq.  (5), 

SE  =2  j  IP(f)|2  df 

0 

so,  equating  the  integrands. 

SE(f)  =  2IP(f)l2 

(psf)2(sec)2 

(7) 

Therefore,  from  Eq.  (2) 

SE(f)  =  2  E(f) 

(8) 

To  evaluate  the  dynamic  transient  response  of  undamped  systems  to  a  transient  pressure  pulse, 
the  Residual  Shock  Spectrum  DR(f)  is  useful  since  it  defines  the  envelope  of  peak  responses 
versus  natural  frequency  f0  of  the  system  when  the  peak  response  occurs  after  the  end  of  the 
transient  pulse.  It  can  be  shown  that  Dr(0  is  related  to  P(f)  by  (Ayre,  1961): 

DR(f)  =  (2jcf0)  IP(f)l  psf  (9) 

where  f0  =  natural  frequency  of  the  responding  system.  Thus,  from  Eq.  (7): 

DR(f)  =  2itf0[±SE(f)]i/2  (10) 

As  shown  in  Section  4  of  the  main  body  of  this  report,  the  most  useful  response  parameter  is 
peak  velocity  Vpk.  For  a  single  degree  of  freedom  system  it  is  shown  in  the  next  section  that 
this  response  can  be  expressed  as  a  Residual  Velocity  Shock  Spectrum  VR(f0)  in  a 
dimensionless  form  as: 


VR(f)(27cf0)  =  PR(f) 

g  w 

where  f0  =  resonance  frequency  of  SDOF  system,  Hz 
Dr(0  =  Residual  Pressure  Shock  Spectrum,  psf 
w  =  surface  weight  of  responding  system  in  psf 

g  =  acceleration  of  gravity,  386  in/sec2 

Thus,  from  Eqs.  (7)  and  (9)  to  (1 1), 


vR(f)  = 

2itfo 

2rcf0 

w 

IP(f)l  =  IP(f)l,  or 

(12) 

Vr(0  = 

w  V 

jSE(f) 

in/sec 

(13) 
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where  the  peak  velocity  Vr(0  (=  Vp^)  is  understood  to  occur  at  the  natural  resonance 
frequency  f  =  f0  of  a  single  degree  of  freedom  (i.e.,  undamped  mass-spring)  system. 


Thus,  a  simple  expression  is  established  relating  the  Sound  Exposure  Spectrum  SE(f) 
of  a  sonic  boom  to  the  Residual  Velocity  Shock  Spectrum  Vr(0  for  the  response  of  an 
undamped  SDOF  system,  both  being  evaluated  at  the  natural  resonance  frequency  f  =  f0  of  the 
system.  In  reality,  of  course,  any  structure  will  have  many  natural  frequencies,  one  for  each 
vibration  mode,  and  Eqs.  (12)  and  (13)  simply  provide  one  way  to  estimate  the  envelope  of 
these  peak  velocity  responses.  Consider,  now,  what  is  the  expected  form  of  this  velocity 
response  spectrum.  The  absolute  value  of  the  Fourier  Spectrum  !P(f)l  for  an  ideal  N-wave  with 
a  peak  free  field  (pressure  doubling  included)  pressure  Pf  is  given  by  (Sutherland,  1968a): 


IP(f)l  = 

Jtf 


sin(TCfT) 

JtfT 


-  cos  (xfT) 


(14) 


where  T 


full  duration  of  N-wave.  Then  from  Eq.  (9)  and  for  f  =  fQ  : 


DR(f0)  =  2  Pf  |  sliy?T),  _  cos  (jtfoX)  |  =  Pf  DAF(f) 
TCfoT 


(15) 


where,  in  this  case,  DAF(f)  is  the  dynamic  amplification  factor  for  an  ideal  N-wave  sonic 
boom.  Finally,  from  Eq.  (1 1),  the  Residual  Velocity  Shock  Spectrum,  Vr(0  as  a  function  of 
the  fundamental  resonance  frequency  f0,  is: 


VR(f) 


gPR(f)  _  2gPf 
27tf0  W  27tf0w 


sin(7tf0T) 

7lf0T 


-cos(Jtf0T) 


,  in/sec 


(16) 


The  product  of  the  Residual  Shock  Spectrum  V^(f)  and  w/Pf  is  plotted  in  Figure  C-l  as  a 
function  of  resonance  frequency  f0  for  an  N-wave,  duration  T,  of  0.10.  Also  shown  is  the 
envelope  for  T  =  0. 1  and  0.2  sec.  The  lower  duration  value  is  essentially  the  same  as  the  value 
derived  from  the  average  Sound  Exposure  Spectrum  Levels  for  the  ACM  sonic  boom 
measurements  obtained  in  this  program  (see  Figure  3- 1 4b). 

For  design  purposes,  it  is  desirable  to  establish  an  envelope  for  the  upper  bound  of  this 
velocity  shock  response. 

For  low  frequencies,  as  fT  — »  0,  expanding  the  sin  and  cos  terms. 
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Vr(K).  RESIDUAL  VEL.  RESPONSE  SPEC  f  RUM  ( w/Pf).  in/sec. 


C.2  Response  of  a  Simply  Supported  Panel  to  a  Normally  Incident  Sonic 
Boom 

It  has  been  shown  in  Crocker,  1967,  that  the  multimodal  displacement  response 
G(X,Y,t)  at  any  position  X,Y  and  time  t  on  a  panel  to  a  sonic  boom  with  a  pressure  time 
history  P(t)  acting  normal  to  the  panel  is  given  by  the  summation  over  all  modes  of  the  product 
of  the  generalized  displacement  £mn(t)  for  the  m,nth  modal  response  and  the  shape  gmn(X,Y) 
of  this  mode,  or: 

G(X,Y,t)  =  I  I  Emn(t)  gmn  (X,Y)  (20) 

m  n 

for  a  simply  supported  plate, 

gmn  =  sin  (TtmX/a)  sinOtnY/b)  (21) 
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where  m  and  n  are  mode  numbers  (i.e.,  number  of  one-half  bending  wavelengths)  along  the 
panel  sides  a  and  b  respectively. 


The  generalized  displacement  £mn(t)  is  the  maximum  displacement  amplitude  in  each 
mode  which  occurs  at  panel  positions  X  =  a/2m  and  Y  =  b/2n  for  the  m,nth  mode.  For 
example,  for  the  1,1  fundamental  panel  mode,  the  maximum  displacement  occurs  at  the  middle 
of  the  panel  (i.e.,  X  =  a/2,  Y  =  b/2). 

For  transient  excitation  by  a  normally  incident  sonic  boom  of  peak  free  field  pressure  Pf 
(including  pressure  doubling)  and  duration  T,  the  generalized  displacement  response  £mn(t) 
following  cessation  of  the  sonic  boom,  that  is,  the  residual  response,  can  be  shown  to  be 
(Crocker,  1987): 


£mn(0|t 


4abPf 


[2( 


sin  coT/2 


-  cos  coT/2)  cos  co(T/2  -t)] 


(23) 


>T  mn^MmnCO2  -  '  coT/2 

c 

where  Pf  =  Peak  free  field  pressure  of  N-wave 

m,n,a,b  =  Odd  mode  numbers  and  panel  sides  as  defined  above 

co  =  27rfmn  =  Angular  resonance  frequency  for  m,nth  mode,  radians/sec 


For  this  case  of  a  normally  incident  sonic  boom,  the  response  is  zero  if  either  mode  number  m 
or  n  is  even. 


The  generalized  mass  of  Mmn  of  any  uniform  panel  vibrating  in  its  m,nth  mode  is  given 
bv: 

Mmn  -Tjl  §mn  (X’Y)  dxd>'  (24) 

s  o  0 


where  w  =  the  uniform  surface  weight  of  the  panel  with  a  total  weight  wA  and  area 
A  =  ab,  and 

g  =  acceleration  of  gravity. 

For  a  simply  supported  panel,  with  gmn(X,Y)  given  by  Eq.  (22),  this  reduces  to: 

Mmn  =  jwab/g  (25) 
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The  m,nth  resonance  frequency  fmn  for  a  simply  supported  panel  with  sides  a.b  can  be 
conveniently  given  by: 

fmn=  fo  [(mb/a)2  +n2]  /  [(b/a)2  +1]  (26) 

where  f0  =  the  fundamental  resonance  frequency  for  the  m,n  =1,1  mode  of  the 

panel  (see  Secrion  4.3. 1.2  in  main  body  of  text) 

Since  Eq.  (23)  is  for  the  free  (unforced)  undamped  vibration  response  of  the  panel  after  the 
cessation  of  the  N-wave,  the  velocity  response  Vmn(t)  for  the  m,nth  mode  is  simply  equal  to 
2^fmn  times  the  displacement  response  or  with  Eq.  (25): 

vmn(0  =  T"  -  [2(--in^-mnT)  -  cos(7tfmnT))  cos  (2rtfmn(T/2-t))]  (27) 

7tzmn(2jtfmn)w  7tfmnT 

Comparing  this  expression  with  Eq.  (16)  in  Section  C.l,  it  can  be  shown  that  Eq.  (27)  can  be 
expressed  as: 

vmn(t)lt>T  =  ^  [vR(fmn)]  cos  [27tfmn(T/2-t)]  (28) 

Thus,  the  time  history  of  the  multimodal  residual  velocity  response  of  a  panel  in  its  m,nth  mode 
following  excitation  by  a  normally  incident  N-wave  is  simply  equal  to  the  peak  velocity 
response  VR(fmn),  predicted  for  a  simple,  mass-spring  system  given  by  Eq.  (16),  at  a 
frequency  fmn  multiplied  by:  a  modal  constant  16/7t2mn  (with  m,n  odd),  and  the  cosine  time 
function. 

To  find  the  total  multimodal  response,  it  is  necessary  to  sum  these  time  histories  over 
odd  mode  numbers  m  and  n  and  determine  the  peak  envelope  of  this  time  history  as  a  function 
of  a  non-dimensional  parameter  f0T  for  several  aspect  ratios  a/b  of  a  simply  supported  panel. 
For  this  evaluation,  it  is  convenient  to  divide  Eq.  (27)  by  the  dimensionless  ratio  of  the  free 
field  sonic  boom  pressure  Pf  to  the  surface  weight  w.  In  this  form,  the  total  multimodal 
velocity  responses  Vj(t)  can  be  expressed  as  the  double  summation: 

VT(t)  £  £  16g  rsin0tfoT-(fmn/fo)) 

(Pf/w)  m  n  jt^mnfmn  (7tfoT)(fmn/f0) 

-  cos  (jtf0T(fmn/f0))]  cos[2jtf0T(fm/fo)  (t-  tiT)]  (29) 
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The  envelope  of  the  absolute  value  of  the  peaks  of  this  total  modal  (residual)  response  time 
history  becomes  the  multimodal  Residual  Velocity  Response  Spectrum  for  an  undamped 
simply  supported  panel.  This  can  be  compared  then  with  the  comparable  velocity  response 
spectrum  envelope  for  the  simple  mass-spring  SDOF  model  defined  by  Eqs.  (17)  and  (18). 

For  example,  for  the  response  of  just  the  first  mode  of  a  panel,  with  fmn  =  fo.  the 
envelope  of  the  first  term  in  Eq.  (29)  (with  m,n  =  1)  would  simply  be  16g/7t3f0.  This  can  be 
compared  to  the  expected  value  from  Eq.  (18)  (for  the  usual  case  where  f0T  >  V3/tc)  for  the 
SDOF  model  which  is  simply  g/7tf0.  The  ratio  of  these  two  factors  is  16/tc2  ~  1.62  as  expected 
according  to  Eq.  (28).  This  is  simply  the  adjustment  to  the  SDOF  response  model  to  account 
for  the  effective  mass  and  load,  for  normal  incidence  of  a  sonic  boom,  of  a  simply  supported 
panel. 


Figures  C.2  a  to  d  show  the  normalized  velocity  response  spectrum  given  by  Eq.  (29) 
as  function  of  frequency  for  T  =  0. 1  and  0.2  seconds  and  for  an  aspect  ratio  (a/b)  of  a  simply 
supported  panel  of  1.0  and  0.2  which  encompasses  the  basic  range  of  interest  for  this  report. 
The  summation  was  carried  for  the  first  five  odd  modes  in  each  direction  (m,n  =  1,  3,  5,  7  and 
9).  This  was  found  to  be  adequate  to  define  the  total  multimodal  response  within  an  average 
error  of  ±1.5%.  Also  shown  are  the  Residual  Velocity  Response  spectrum  envelope  for  the 
SDOF  model  from  Eq.  (17)  and  (18)  and  the  corresponding  envelope  for  the  multimodal 
response  spectrum.  This  latter  envelope  turns  out  to  be  closely  approximated  by  simply 
increasing  the  response  spectrum  envelope  from  Eq.  (17)  and  (18)  by  a  factor  of  2. 

In  summary,  a  proper  model  for  velocity  response  of  a  simply  supported  panel  has  a 
Residual  Velocity  Response  Spectrum  envelope  for  the  first  panel  mode  which  is  1.62  times 
the  value  for  a  mass-spring  SDOF  model  and  approximately  2  times  the  SDOF  value  when 
higher  modes  are  included.  This  factor  of  2  increase  is  included  in  Section  4.1.1  as  an 
approximate  correction  for  multimodal  response  of  walls  and  ceilings  of  built-up  structures. 
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Figure  C-2.  Residual  Multimodal  Velocity  Response  Spectrum  for  an  Undamped  Simply 
Supported  Panel  with  Aspect  Ratio  =  1.0  (a,b)  and  0.2  (c,d)  Driven  by  a  Normally 
Incident  Sonic  Boom  with  Durations  of  0.1  and  0.2  Seconds  Compared  to 
Envelopes  for  this  Spectrum  and  Envelope,  Lower  by  a  Factor  of  2,  for  the 
Comparable  Response  Spectrum  for  a  SDOF  System. 
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—  Eivciom  far  Residual  Response  of  SS  Paneii 


Figure  C-2.  (Continued) 
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APPENDIX  D 

Photographs  of  Structure  A  Walls 
Before  and  After  Tests 
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(a)  Pre-Test  Photograph 


(a)  Pre-Test  Photograph 


(b)  Post-Test  Photograph 

Figure  D-2.  Room  101  South  Wall,  Middle  of  Wall 


(b)  Post-Test  Photograph 

Figure  D-3.  Room  101  South  Wall,  Cracks  Up  to  Trim 
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APPENDIX  E 


Time  Histories  of  Sonic  Boom  Pressure  and 
Structural  Response  of  Structures  A  ana  B 


Amplitudes  of  the  events  shown  in  the  time  history  plots  in  this  Appendix  are  contained  in 
Table  5-3.  Notable  features  of  these  plots  are  as  follows: 

•  For  Structure  A,  Channel  0  (Figures  E-l,  E-2  and  E-3)  is  acoustic  pressure, 
Channel  8  is  displacement,  and  all  other  channels  are  acceleration.  For 
Structure  B  (Figure  E-4),  Channel  0  is  acoustic  pressure.  Channels  6  and  7  are 
displacement,  and  all  other  channels  are  acceleration. 

•  Plots  of  the  acoustic  pressure  of  the  sonic  booms  are  distorted  by  the  limited  low 
frequency  response  of  the  acoustic  channel.  The  low  frequency  cut-off  of 
approximately  2  Hz  causes  the  decaying  ramp  of  the  N-wave  to  be  curved 
upward.  Many  of  the  booms  were  truly  U-shaped  and  there  were  several  multiple 
boom  events  caused  by  more  than  one  aircraft. 

•  For  each  event,  the  position  of  the  boom  pressure  in  its  plot  indicates  the 
approximate  time  the  structural  response  should  begin  in  the  other  plots. 

•  For  some  events,  particularly  at  Structure  B,  very  low  frequency  interference  is 
apparent  for  some  plots  that  could  not  be  explained  but  may  be  due  to  shifts  in  the 
transducer  fixity  to  the  wall  resulting  from  the  necessary  nonrigid  accelerometer 
attachment  method  employed  for  these  historic  structures  (see  discussion  in 
Section  5.2.3  of  the  main  body  of  this  report). 
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i'igurc  ll  II).  Matrix  ot  Time  History  of  Sonic  Boom  Pressure  and  Structural  Response  lor  Events  at  Structure  A 
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Time  (1.5  second  full-scale  for  each  ploi) 


Channels  Channel  7  Channels  Channel  9  Channel  10  hvail 

Ceiling  Wall  101 S  Crack  Wall  I02S  Wall  l(MW 
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l  igure  H-2b.  Matrix  of  l  ime  History  of  Sonic  Boom  Pressure  and  Structural  Response  for  Events  at  Structure  A 


Appendix  F 


Compilation  of  Weather  Data  from  White  Sands  Missile  Range  (Zurf  Site)*  for  the 
Period  of  February  20,  1989  to  April  12,  1989 


Date 

Time 

Temp 

(°F) 

RH 

(%) 

Wind 

Speed 

(kts) 

2-20 

0000 

35 

41 

3 

0600 

34 

42 

7 

1200 

55 

16 

20 

1800 

52 

17 

16 

2-21 

0000 

34 

21 

4 

0600 

27 

23 

9 

1200 

49 

18 

15 

1800 

53 

17 

8 

2-22 

0000 

28 

22 

5 

0600 

16 

34 

3 

1200 

54 

17 

3 

1800 

60 

15 

0 

2-23 

0000 

30 

22 

7 

0600 

22 

26 

7 

1200 

60 

16 

8 

1800 

63 

15 

9 

2-24 

0000 

35 

21 

8 

0600 

26 

23 

6 

1200 

66 

14 

2 

1800 

69 

14 

5 

2-25 

0000 

36 

20 

7 

0600 

32 

22 

6 

1200 

70 

14 

4 

1800 

71 

13 

6 

2-26 

0000 

39 

20 

5 

0600 

32 

21 

7 

1200 

70 

13 

5 

1800 

73 

13 

12 

2-27 

0000 

50 

18 

2 

0600 

47 

18 

4 

1200 

66 

14 

24 

1800 

65 

14 

18 

2-28 

0000 

■U 

19 

11 

0600 

28 

22 

2 

1200 

59 

16 

3 

1800 

61 

15 

13 

3-1 

0000 

36 

20 

2 

0600 

32 

21 

5 

1200 

64 

15 

6 

1800 

64 

15 

6 

3-2 

0000 

41 

19 

1 

0600 

26 

23 

3 

1200 

58 

16 

14 

1800 

58 

16 

7 

Wind 


Temp 

RH 

Speed 

Date 

Time 

(°F) 

(%) 

(kts) 

3-3 

0000 

49 

18 

12 

0600 

41 

26 

10 

1200 

57 

16 

22 

1800 

52 

17 

\5 

3-4 

0000 

32 

60 

4 

0600 

30 

59 

9 

1200 

31 

24 

18 

1800 

37 

20 

5 

3-5 

0000 

22 

31 

5 

0600 

21 

47 

3 

1200 

39 

20 

4 

1800 

46 

18 

3 

3-6 

0000 

21 

29 

5 

0600 

15 

42 

52 

1200 

50 

18 

6 

1800 

57 

16 

5 

3-7 

0000 

29 

22 

6 

0600 

25 

24 

7 

1200 

62 

15 

3 

1800 

64 

15 

13 

3-8 

0000 

43 

19 

4 

0600 

31 

22 

7 

1200 

71 

13 

2 

1800 

76 

12 

1 

3-9 

0000 

41 

19 

7 

0600 

33 

21 

2 

1200 

76 

12 

4 

1800 

79 

12 

5 

3-10 

0000 

43 

19 

8 

0600 

35 

21 

6 

1200 

77 

12 

7 

1800 

80 

12 

1 

3-11 

0000 

42 

19 

6 

0600 

36 

20 

7 

1200 

79 

12 

2 

1800 

78 

12 

4 

3-12 

0000 

46 

18 

5 

0600 

35 

21 

6 

1200 

79 

12 

4 

1800 

79 

12 

10 

*  Weather  site  located  8  miles  northwest  of 
Structure  A  (see  Figure  5-2) 
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Wind 

Wind 

RH 

Speed 

Temp 

RH 

Speed 

(%) 

(kts)  Date  Time 

(°F) 

(%) 

(kts) 

Appendix  F  (Continued) 


Date 

Time 

Temp 

C°F) 

RH 

(%) 

Wind 

Speed 

(kts) 

4-6 

0000 

48 

18 

7 

0600 

34 

21 

4 

1200 

75 

13 

18 

1800 

80 

12 

12 

4-7 

0000 

52 

17 

5 

0600 

34 

21 

1 

1200 

79 

12 

9 

1800 

85 

10 

12 

4-8 

0000 

49 

18 

3 

0600 

37 

20 

6 

1200 

81 

11 

9 

1800 

86 

10 

7 

4-9 

0000 

54 

17 

6 

0600 

48 

18 

5 

1200 

83 

11 

5 

1800 

78 

12 

15 

4-10 

0000 

52 

17 

12 

0600 

30 

22 

23 

1200 

52 

17 

6 

1800 

56 

16 

17 

4-11 

0000 

40 

20 

14 

0600 

36 

21 

9 

1200 

61 

15 

13 

1800 

69 

14 

16 

4-12 

0000 

56 

16 

17 

0600 

42 

19 

16 

1200 

71 

13 

7 

1800 

68 

14 

13 

1800 

73 

13 

23 
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